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ABSTRACT
Microphone-based Pressure Diagnostics for Boundary Layer Transition
Spencer Lillywhite
An experimental investigation of the use low-cost microphones for unsteady total
pressure measurement to detect transition from laminar to turbulent boundary layer flow
has been conducted. Two small electret condenser microphones, the Knowles FG-23629
and the FG-23742, were used to measure the pressure fluctuations and considered for
possible integration with an autonomous boundary layer measurement system.
Procedures to determine the microphones’ maximum sound pressure levels and frequency
response using an acoustic source provided by a speaker and a reference microphone.
These studies showed that both microphones possess a very flat frequency response and
that the max SPL of the FG-23629 is 10 Pa and the max SPL of the FG-23742 is greater
than 23 Pa. Several sensor-probe configurations were developed, and the three best were
evaluated in wind tunnel tests. Measurements of the total pressure spectrum, time signal,
and the root-mean-square were taken in the boundary layer on a sharp-nose flat plate in
the Cal Poly 2 foot by 2 foot wind tunnel at dynamic pressures ranging between 135 Pa
and 1350 Pa, corresponding to freestream velocities of 15 m/s to 47 m/s. The pressure
spectra were collected to assess the impact of the probe on the microphone frequency
response. The two configurations with long probes showed peaks in the pressure spectra
corresponding to the resonant frequencies of the probe. The root-mean-square of the
pressure fluctuations did not vary much between the different probes. The root-meansquare of the pressure fluctuations collected in turbulent boundary layers were found to
be 10% of the local freestream dynamic pressure and decreased to 3.5% as the freestream
dynamic pressure was increased. The RMS of the pressure fluctuations taken in both
laminar boundary layers and in the freestream varied between 0.5% and 2.5% of the local
freestream dynamic pressure. The large difference between the RMS of the pressure
fluctuations in laminar and turbulent boundary layers taken at low dynamic pressures
suggests that this system is indeed capable of distinguishing between laminar and
turbulent flow. The drop in the RMS of the pressure fluctuations as dynamic pressure
increased is indicative of insufficient maximum sound pressure level of the microphone
resulting in clipping of the pressure fluctuation; this is confirmed through inspection of
the pressure time signal and spectrum. Thus, a microphone with higher maximum sound
pressure level is needed for turbulence detection at higher dynamic pressures.
Alternatively, it may be possible to attenuate the total pressure fluctuation signal.

Keywords: Turbulence, unsteady total pressure, boundary layer transition, boundary
layer, pressure fluctuation
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NOMENCLATURE

̂ , ̂, ̂

=

Boundary layer data system

=

Speed of sound in a fluid

=

Diameter of a sensor or probe

=

Dimensionless viscous wall unit based on diameter,

=

Frequency

=

Acoustic resonant frequency in a pipe or tube

=

Unit vectors in the x, y, and z directions, respectively

=

Trip wire diameter/height

=

Characteristic length scale of a turbulent flow

=

Probe, tube, or pipe length

=

Mach number

=

Modal number

=

Acoustic pressure

=

Static pressure

=

Total pressure

=

Dynamic pressure,
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⃑

=

Reynolds Number

=

Microphone sensitivity

=

Time

=

Wall-friction velocity,

=

Velocity component in the x direction

=

Freestream velocity

=

Velocity component in the y direction

=

Velocity vector, ⃑

=

Velocity component in the z direction

=

Stream-wise distance

=

Distance measured normal to a surface

=

Dimensionless viscous wall unit based on distance normal to surface,

=

Boundary layer thickness

=

Boundary layer displacement thickness

=

Dissipation rate per unit mass

=

Boundary layer momentum thickness

=

Kinematic viscosity of a fluid

√

̂

̂

̂
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=

Density of a fluid

=

Wall shear stress
SUBSCRIPTS

=

Calibrated pressure, referring to the acoustic pressure measured by the
microphone being calibrated in a reference microphone calibration

=

Local freestream, referring to local freestream dynamic pressure, local
freestream acoustic pressure, or local freestream velocity

=

Electrical noise, referring to electrical noise interpreted as pressure
fluctuations

=

Wire height, referring to the wire height of a boundary layer trip

=

Measured, referring to the measured pressure signal

=

Standard reference sound pressure level, referring to the standard reference
SPL audible to the human ear

=

Reference pressure, referring to the acoustic pressure measured by the
reference microphone in a reference microphone calibration

=

Root-mean-square

=

Trip, referring to the distance between the boundary layer trip and
measurement location

=

True, referring to a pressure signal without electrical noise

=

Wall, referring to pressured measured at the surface of a wall

=

Stream-wise distance, referring to Reynolds number scaled on stream-wise
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distance
=

Reference, referring to microphone reference sensitivity

=

Approaching freestream, referring to properties of the approaching
freestream flow

SUPERSCRIPTS
=

Fluctuating, referring to a pressure that is fluctuating due to a flow

=

Acoustic noise, referring to acoustic and vibration noise interpreted as
pressure fluctuations

=

Mode, referring to the different modes of acoustic resonance within a
rectangular duct
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CHAPTER 1
Introduction
The objective of this thesis is to investigate the application of low-cost
microphone to measures the root-mean-square of total pressure fluctuations in order to
detect the transition from laminar to turbulent flow within a boundary layer for in flight
test conditions. Two microphones were chosen based on size cost and sensitivity, were
calibrated to determine sensitivity, and the maximum sound pressure level was defined.
Several sensor-probe configurations were developed to place the microphone in the
boundary layer. The microphone and sensor-probe configurations in were evaluated by
wind tunnel testing, and the system’s ability to measure RMS of total pressure
fluctuations in laminar and turbulent boundary layers was examined. This chapter will
discuss the boundary layers and boundary layer transition, current methods of detecting
the onset of boundary layer transition, and the application of Goldstein’s hypothesis to
measurement of the root-mean-square of total pressure fluctuations.
Boundary layers are a thin region of viscosity-dominated fluid flow near a
surface. The idea was originally conceived by Ludwig Prandtl, who theorized that
friction causes the fluid immediately adjacent to a surface to stick to the surface and that
frictional effects were only experienced in a thin region near the surface called the
boundary layer. Outside of this boundary layer, the fluid behaves essentially as if it were
inviscid. In a boundary layer, the velocity varies from stationary to speed of the free
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stream over a very short distance normal to the surface, meaning that the velocity
gradients within a boundary layer are very large. For a Newtonian fluid, such as air or
water, the shear stresses within the fluid are proportional to the velocity gradients. Thus,
boundary layers exert a considerable “skin-friction” drag on the adjacent surface [1].
As the flow continues downstream (i.e. Reynolds number increases), the
boundary layer may transition to a state of turbulence. Turbulence is characterized by
unsteadiness and irregularity of fluid motion both spatially and temporally, diffusivity
and mixing, three-dimensional vorticity fluctuations, and dissipation through the viscous
shear stresses [2]. The mixing and diffusion of momentum within the turbulent boundary
layer causes increases in the shear stresses and thus increases skin friction drag up to ten
times more than laminar skin friction [3]. On aerodynamic shapes such as wings of
aircraft, a considerable percentage of the drag is a result of skin friction [1]. Therefore,
delaying transition and the onset of turbulence will decrease the overall drag and increase
fuel efficiency. As a result, increasing the area of laminar flow over a wing has been a
topic of research since the 1930’s [4] [3].
The classical theory for the transition from a laminar to turbulent flow on a
smooth surface, also known as natural transition, has been determined by assessing the
stability of the Navier-Stokes equations. Once the flow becomes unstable, small
disturbances entering the boundary layer will become amplified and turn into twodimensional wave-like disturbances known as Tolmein-Schlicting (TS) waves. After a
critical Reynolds number, these waves become amplified and will continue to grow and
change into three-dimensional waves. The three-dimensional waves soon experience
Page 2

vortex breakdown and then form localized regions of turbulence called spots which then
coalesce into fully turbulent flow [5]. The onset of this transition mechanism can be
delayed with the presence of a favorable pressure gradient. A favorable pressure gradient
keeps the freestream flow accelerating, which in turns keeps the boundary layer thin and
laminar. The results computed by Wazzan [6] for a class of flows with self-similar
freestream velocity variations shows that for favorable pressure gradients the boundary
layer remains stable to much higher Reynolds number. Additionally, once the boundary
layer becomes unstable, the amplification rates are also greatly reduced [6] [5]. For a
wing, overall shape and angle-of-attack and especially the shape of its cross-section,
called its airfoil, dictates the pressure distributions and gradients, so an airfoil designed to
produce a large region of a favorable pressure gradient will achieve improved laminar
flow. This has led to the development of an entire class of laminar flow airfoils and
wings.
In addition to natural transition, transition to turbulence can be observed in
situations following the separation of a laminar boundary layer separation occurs and is
known as separated-flow transition. This is most common on objects with adverse
pressure gradients such as the trailing portion of a laminar flow wing. Once the laminar
boundary layer approaches the location of maximum airfoil thickness, the pressure
gradient becomes adverse and can cause the laminar boundary to thicken and then to
separate from the body. This forms a laminar separation bubble which will often reattach
as a turbulent boundary layer. Some or all of the natural transition processes mentioned
above may occur in the separated region [5]. It should be noted that for laminar flow
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wings, laminar flow should not be expected much past the point of maximum thickness
because even if the boundary layer remains attached, the adverse pressure gradient will
amplify disturbances and accelerate the process of natural transition. In addition to
laminar flow wings, separated-flow transition can occur from small surface
discontinuities that produce separation bubbles such as a small backward facing step or
the seam on an aircraft wing. These discontinuities are undesirable and can be eliminated
through careful design and manufacturing of the wing.
The presence of discrete excrescences or distributed roughness on an aerodynamic
surface, a noisy freestream, or high amplitude acoustic waves can all cause transition to
occur sooner than predicted by stability theory for a smooth surface; this type of
transition process has generally been referred to as bypass transition. For acoustic waves
and freestream turbulence, the flow also bypasses the early stages of instability and goes
directly into vortex breakdown [5]. The increased use of composite materials has
allowed wing manufacturers to do away with rivets and seams that would act as boundary
layer trips. These newer composite wings have much smoother surfaces which allow
laminar flow to become more easily achieved.
One of the main tools for predicting the transition to turbulence and to design
laminar airfoils is computational fluid dynamics (CFD). CFD allows aerodynamicists to
attain results quickly and relatively cheaply which is good for the iterative process of
aircraft design. Yet, computational analyses carry a significant level of inaccuracy due to
the inherent complexity of the governing equations that describe fluid motion and more
importantly the lack of accurate models for transition and turbulence. Turbulence has
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been the topic of research for many years, and while there is still no universal
mathematical model that perfectly describes turbulent motion of a fluid flow, there are
many models that have been developed from empirical results that can approximate
turbulence. There are many different turbulence models with different applications; some
are more accurate for transonic conditions, while others are better are modeling
separation, and so on. Additionally, models that predict the onset of transition are
becoming more widely used. However, a level of uncertainty still remains that can only
be resolved through experimental validation.
Wind tunnel and flight testing provide the data needed to verify that predicted
aerodynamic characteristics are indeed correct. Wind tunnel testing allows for
researchers to measure a variety of different parameters in the controlled setting of a
laboratory. Yet wind tunnel testing is expensive, time-consuming, and also brings a set of
challenges to accurately simulate flight conditions. Wind tunnels have higher freestream
turbulence which can influence transition, and the presence of the wind tunnel walls can
affect the pressure distribution over the airfoil. Flight tests do not have these problems
and as a result data collected from flight tests is considered invaluable. Yet flight tests
are even more expensive than wind tunnel tests and the high altitude environment, limited
locations for probe attachment, as well as limited room for equipment make data
collection much more challenging.
In order to meet the needs of data collection in flight test situations, Northrop
Grumman Corporation has sponsored the development of the boundary layer data system
(BLDS) [7] [8]. The BLDS family of devices are small, lightweight, fully autonomous,
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capable of being attached almost anywhere on a wing, and measure a variety of the
boundary layer properties at a fixed chord-wise position in order to characterize the
boundary layer. BLDS devices are programmed before flight by a computer and then the
data is offloaded after the flight test is complete. One version of BLDS known as the
Preston Tube Data System (PTDS) is comprised of a Pitot tube placed several inches
above the surface to measure the local freestream total pressure, a static tube on the
surface to measure the local surface static pressure, and a Pitot tube placed directly on the
surface (known as a Preston tube). Only time-averaged pressures are recorded. Using
calibration equations, the difference in the pressure measured by the Preston tube and the
static probe can be used to determine a value of the skin friction at that given location.
This skin friction, along with the measurement of the local freestream dynamic pressure,
is used to determine if the boundary layer is laminar or turbulent. Another version of the
BLDS employs a fixed freestream total pressure probe and a wall static tube with a
pressure probe that is mounted to a servo motor driven stage that traverses the probe
through the boundary layer, and thus providing a profile of measurements within the
boundary layer in addition to skin friction values. As with PTDS, only time-averaged
pressures are recorded by this version of the BLDS. The moving pressure probe can be
simply a total pressure (Pitot) probe, a two-hole (Conrad) probe, or a rotatable single-hole
probe; these probes provide 1-, 2-, and 3-component mean velocity profiles, respectively.
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Figure 1.1: The Boundary Layer Data System (left) and Preston Tube Data System (right).

Transition can be detected from the BLDS measurements by differentiating
between the laminar and turbulent mean skin friction values, or by examination of the
mean velocity profiles. The BLDS devices have been successfully used in both flight
tests and wind tunnel testing [8], and have proven effective but require significant post
processing of the data, and, they don’t provide a direct measurement of flow fluctuations
which are a key distinguishing feature of turbulent and laminar flows. The purpose of
this thesis was to augment the BLDS/PTDS with a new technique of detecting boundary
layer transition that provides a direct measure of flow fluctuations and could reduce or
eliminate post-processing of results.
There are several methods to detect transition that can be used to flight test which
can be broken up into flow visualization and measurement of characteristics associated
with turbulence such as velocity or pressure. In recent years, infrared thermography, a
form of flow visualization, has been used in flight test situations to detect transition. The
IR camera measures surface temperature over a heated or cooled test section. Regions of
significant surface temperature gradients then correspond to transition because
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convective heat transfer and as a result surface temperature gradients vary with boundary
layer state (i.e. turbulent or laminar). [9]. D.W. Banks et al [9] successful used this
technique on a test section mounted to an F-15B aircraft and the camera pod was
mounted to a separate F/A-18 aircraft. IR cameras with the required sensitivity to
temperature and spatial resolution are extremely expensive and large, making them
inappropriate for BLDS integration. Additionally, mounting a large camera pod would
be impossible to integrate with the small profile of the BLDS.
Due to the temporal unsteadiness of turbulence, it is often useful to decompose
the flow properties of the turbulence into the time varying (also referred to as fluctuating)
and mean components. Figure 1.2 illustrates an arbitrary velocity-time signal for a
laminar and turbulent flow with a mean velocity component, ̅, a the fluctuating velocity
component,

.

Figure 1.2: Flow velocity as a function of time for (a) a laminar flow and (b) a turbulent flow.

One of the traditional methods of detecting and measuring turbulence is by
measuring the fluctuating velocity of the turbulent flow with a hotwire anemometer.
With a hotwire, the rate of electrical power dissipated through convection is used to
determine the fluctuating and mean components of velocity in a turbulent flow. Hotwires
allow for fine spatial resolution [4] which allows very small scales to be resolved.
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Neumeister [4] investigated the possibility of integrating a hotwire anemometer with
BLDS, and this is being pursued at present. However, the fragility of hotwires, their cost
(at least a thousand dollars per sensor including operating electronics), and the
complexity of their calibration, have motivated the simultaneous pursuit of other
methods. Measurement of time-varying pressure instead of velocity will be considered
next.
By taking the divergence of the Navier-Stokes equations for incompressible flow
the result is a relationship between pressure and velocity known as Poisson’s equation
and is shown in Equation (1.1),

(1.1)

where p and ui are the instantaneous pressure and velocity, respectively. Farabee [10]
performed a Reynolds decomposition of the instantaneous quantities into mean and
̅

fluctuating components (

̅

and
̅

̅

), as seen in Equation 1.2.
̅

(1.2)

Time averaging Equation (1.2) then yields the result shown in Equation (1.3).
̅

̅

̅

̅̅̅̅̅̅̅
(1.3)

Subtracting Equation (1.3) from (1.2) produces a relationship between the fluctuating
static pressure and velocity, seen in Equation (1.4)
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̅

̅̅̅̅̅̅̅

(1.4)

This relationship suggests that in a turbulent flow, pressure fluctuations are a result of
velocity fluctuations and their gradients and therefore that measurement of the fluctuating
pressure can be used to indicated turbulence and transition. Earliest theoretical treatment
of fluctuating pressures in turbulent shear flow was performed by Kraichan [11]. He
concluded that pressure fluctuations are the result of local velocity fluctuations and that
the dominant contribution to the RMS of the fluctuating static pressure is produced by
interaction between the turbulence and mean shear [12].
Much research has been put in over the years into measuring the unsteady static
pressure of a turbulent boundary layer, almost exclusively by measuring the fluctuations
at the wall. Initial work with fluctuating wall pressure was first published in 1956 by
Willmarth [13]. Using a pressure transducer mounted flush in the wall of a wind tunnel,
he determined that the root-mean-square (RMS) of the static pressure fluctuations at the
wall divided by the local dynamic pressure √̅̅̅̅̅̅

for Reynolds numbers

between 1.5×106 < Re < 20×106 and Mach numbers of 0.2 < M < 0.8. As the sensor
technology improved, the impact of transducer size on the pressure measurement became
a characteristic of interest. In a turbulent boundary layer, distances are commonly
described as a non-dimensional number called the viscous wall unit, defined as:

(1.5)
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where

is the length dimension,

is the kinematic viscosity. The parameter

is the

“wall-friction velocity” defined as:
√

where

is the shear stress at the wall and

(1.6)

is the density [5]. When investigating the

size of a transducer, diameter is the typical dimension of interest and is commonly nondimensionalized in the following way:

(1.7)

where

is the transducer diameter. Several years after Wilmarth, Schewe [14]

performed a similar experiment, but with the additional intent of resolving the entire
pressure spectrum. Using a Sell type pressure transducer flush mounted in a wind tunnel
wall, he found that for non-dimensional diameter of d+ = 19, the RMS of the fluctuating
static pressure at the wall divided by freestream dynamic pressure √̅̅̅̅̅̅
and decreased with increasing d+ values. Additionally, he compiled the results of
previous researchers, seen in Figure 1.3, which suggests that the RMS of the fluctuating
static pressure at the wall should be between 0.5%, for larger sensors, and 1.0%, for
smaller sensors, of the local freestream dynamic pressure. Bull’s work [12] with
piezoelectric transducers flush mounted in a wind tunnel wall show that correcting the
static pressure measured increased values of √̅̅̅̅̅̅
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from 0.0055 to nearly 0.006.

Lueptow [15] also performed the same experiment and saw similar results, also seen in
Figure 1.3.

Figure 1.3: Dependence of the normalized fluctuating static pressure RMS value at the wall upon
normalized transducer diameter in turbulent boundary layers collected by Schewe [14] on top (a)
and Lueptow [15] below (b).

The increase in the RMS of the fluctuating pressure with decreasing diameter size can be
attributed to the improvement of spatial resolution with decreasing diameter [14]. The
advent of the MEMS microphone has allowed for a significant decrease in the size of
pressure transducers, often an order of magnitude smaller than traditional sensors used in
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the measurement of instantaneous pressure. This allows for the resolution of all the
relevant scales, making it feasible to gather complete information on the small scale
structure of wall bounded flows [16]. Berns and Obermeier [17] employed an array of
very small MEMS pressure sensors in order to measure the transient wall pressure and
wall shear stress, but these sensors were also flush mounted into the model. While much
work has been done to measure wall static pressure and its relationship with turbulence, it
is a quantity that BLDS simply can’t measure. One of the key features behind BLDS is it
can be quickly attached to a surface without drilling holes into it, and drilling a holes is
required to flush mount a pressure transducer such as an electret or condenser or MEMS
microphone.
In order for fluctuating pressure measurement to be integrated with BLDS, the
pressure sensor would need to be integrated into a probe which could sit on the wall, like
a Preston tube, or be positioned within the boundary layer. Tsuji et al [18] used the probe
seen in Figure 1.4 along with a flush mounted condenser microphone and a hot wire to
collect pressure spectra and RMS values throughout the height of a boundary layer.

Figure 1.4: Pressure probe configuration and schematic view of the experimental setup performed
by Tsuji et al. [18].

Their results suggest that the RMS of the fluctuating static pressure divided by the
freestream dynamic pressure is highest next to the wall, with a value of approximately
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0.006 at viscous wall units between 40 < y+ < 90 and then quickly falls off as the distance
from the wall to the point of measurement is increased and reaches nearly 0 in the
freestream. The freestream value is expected to depend on ambient sound (noise) as well
as electrical noise and may therefore not be zero in non-laboratory flows. This is type of
static probe configuration could be integrated with the BLDS as a turbulence detection
device. One glaring drawback of using fluctuating static pressure as an indication of
turbulence is how small the amplitudes of the fluctuation are. Willmarth [19] concluded
that the fluctuations are of such small magnitude that it is difficult to separate them from
disturbances in the freestream such as sound. Additionally, Bull [20] notes that the
pinholes at the entrance of the transducers can cause local flow disturbances leading to
errors in the measured data.
One way to eliminate the issues of insufficient signal, the influence of the
pinholes in the local flow, and impracticality of flush mounting in order for fluctuating
static wall pressure measurement would be to measure the fluctuating total (or stagnation)
pressure with a probe placed within the boundary layer, or simply directly on the wall,
like a Preston tube. Goldstein [21] hypothesized that for an incompressible flow, the
instantaneous total pressure is the sum of the instantaneous static and dynamic pressure,
similar to Bernoulli’s equation, and is described as:

|⃑ |

where
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(1.8)

⃑
̂

̂
̂

(1.9)

Karasawa [22] applied Reynolds’ decomposition and rearranged, and then derived the
square of the total pressure fluctuations.
̅̅̅̅̅

̅̅̅̅̅

̅ ̅̅̅̅̅̅

√̅̅̅̅̅
̅

̅

̅̅̅̅̅
√

̅

̅ ̅̅̅̅

(1.10)

̅̅̅̅

̅̅̅̅̅̅̅

̅

̅

(1.11)

Both numerical simulations by Spalart [23] and measurements by Tsuji et al [18] suggest
that the RMS of the fluctuating static pressure divided by the local dynamic pressure is
√̅̅̅̅̅

, where
y/δ ≤ 0.5 [14] [23]. Values of ̅
of Equation 1.11, √̅̅̅̅̅
√̅̅̅̅

, at locations of 0.05 ≤

measured by Klebanoff [24] allow for the first term

̅ , to be extrapolated. The second term in Equation 1.11,

, has been documented to vary between 0.08 to 0.01 at locations of 0.05 ≤ y/δ ≤

0.5 and can be used to extrapolate √̅̅̅̅ ̅ [25] [26]. The final term, ̅̅̅̅̅̅̅

̅ , would

be predicted to be negative by the Bernoulli relationship and is at least one order-ofmagnitude smaller than the previous terms. Measurements of this value by Tsuji et al
[14] confirm that it is indeed an order-of-magnitude smaller. Therefore, for an assumed
measurement location of
√̅̅̅̅̅

, √̅̅̅̅

where ̅

, the value of √̅̅̅̅

̅
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and

which corresponds to

√̅̅̅̅

or more than 10 times larger than

. This

would provide enough signal for accurate distinction between the pressure fluctuations
associated with turbulence from laminar or freestream disturbances (ambient sound and
electrical noise). Considering the increased signal and the fact the total pressure probes
can be affixed to or located near surfaces without modifying the surface [18], fluctuating
total pressure has been chosen as the parameter on which to base boundary layer
transition detection. It should be noted that Equation 1.11 would have to be modified
when considering compressible flows.
Karasawa’s work [22] was the first to use the RMS of the fluctuating total
pressure as an indicator of transition and her measurements were made with a Kulite
XCS-062 piezoresistive pressure transducer that was successfully integrated with the
BLDS. Piezoresistive pressure transducers like the Kulite XCS-062 are very small (1/16
inch diameter) which is important in resolving more of the small scale turbulent
structures. These sensors also allow for the measurement of both mean and fluctuating
components of pressure which is a convenient feature when determining the local
dynamic pressure at the location of the measurement. Pressure transducers such as
microphones can only measure the fluctuating component of pressure so the local
dynamic pressure needs to be measured with an additional sensor. Piezoresistive sensors
also have very high dynamic ranges, up to several kPa. However, Kulite sensors have
very significant problems with the drifting of the DC offset corresponding to the mean
component of pressure. This poses significant problems for flight testing where the
change in temperature between ground and the atmosphere can be as much as 80 degrees
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Celsius. Additionally, Kulite sensors have poor signal to noise ratios—particularly when
used at a small fraction of their measurement range. Finally Kulite sensors are extremely
expensive and fragile.
An alternative to Kulite transducers are small, low-cost condenser, electret, or
MEMS microphones. These common pressure transducers can come in sizes almost as
small as the Kulite XCS-062, have much better signal-to-noise ratios, have flat frequency
responses, and can be significantly cheaper than Kulites. The disadvantages of using
low-cost microphones are that their maximum sound pressure level is often unspecified,
temperature drift is unknown, and they are only able to measure the fluctuating
component of pressure. But given the cost and signal-to-noise ratio improvements over
Kulites, small electret microphones were chosen to be the transducer.
The objective of this thesis is to develop a low-cost transducer-probe system,
compatible with BLDS, that can discriminate between laminar and turbulent flows by
measuring the fluctuating total pressure. Electret microphones were chosen initially
because of their low cost, high signal-to-noise ratio, small size, and cylindrical package.
The development of this system would allow for future integration with the BLDS and
use in wind tunnel and flight tests. This is the second attempt, as far as we know, to
measure the characteristics of fluctuating total pressure in a boundary layer for the
detection of the laminar/turbulent state of the flow. The successful development of this
device would allow for the collection of key data regarding the transition from laminar to
turbulent flow during flight tests and will greatly help the future research and design of
laminar flow wings.
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CHAPTER 2
Microphone/Probe Design and Calibration
This chapter will cover the selection of the microphone, calibration and
determination of microphone characteristics, sources of measurement error, and
descriptions the of microphone-probe configurations.
The pressure transducers evaluated for possible application in turbulence
detection were the Knowles FG-23629 and the Knowles FG-23742 omnidirectional
electret condenser microphones. These two microphones look identical but the FG23629 has a sensitivity of -53 dB relative to 1 volt/0.1 Pa (equivalent to 22.4 mV/Pa)
while the FG-23742 has a sensitivity of -63 dB relative to 1 volt/0.1 Pa (equivalent to
7.08 mV/Pa). They are both inexpensive, commercially available microphones designed
for hearing aid application, and were selected due to their small size.

Figure 2.1: Knowles FG-23742 electret condenser microphone.

The microphones, one of which is shown in Figure 2.1, have an outer diameter of 0.100
inches, an inlet or sensing diameter of 0.025 inches, and a length of 0.100 inches. This
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small size is ideal for use in boundary layer measurements. Both sensors have published
frequency responses that are quite flat from 10 Hz to 10 kHz, which is also desirable for
accurate amplitude measurement of the turbulent pressure spectrum, where most of the
energy is below 10 kHz [16]. The published specification sheets for both microphones,
which include circuit diagrams of the microphones, are included in Appendix A. The
maximum sound pressure level (max SPL) of a microphone is to the maximum pressure
fluctuation amplitude that the microphone responds linearly and is caused by the limited
displacement of the diaphragm. It should be noted that acoustic pressure and sound
pressure refer to the RMS value of pressure. [27]. Values of the max SPL were not stated
for either of the microphones. Microphone sensitivity is inversely proportional to
diaphragm stiffness [27] so the lower sensitivity and higher tension diaphragm of the FG23742 was expected to allow for measurement of higher SPL’s than the FG 23629. A
method of determining max SPL was developed and is discussed later in this chapter.

Figure 2.2: Signal conditioner/preamplifier connected to a Knowles FG-23742.
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The microphone leads were soldered to wires within a shielded cable. The
microphone was connected via this cable to a custom-made microphone preamplifier,
power supply, and signal conditioner designed and built by electronics consultant Don
Frame. This preamp was used for the lab testing to provide a low-impedance analog
voltage signal for spectral analysis in an easy-to-use package with variable output offset,
gain, and low-pass filter settings. Details on the electrical operation of the preamplifier
can be found in Appendix A. Once a microphone-probe configuration is selected, circuit
board modifications can be made to the BLDS to supply the microphone with power,
signal conditioning, and provide for data acquisition.
In order to have confidence in the pressure measurements, the microphones had to
be calibrated to verify that the sensitivity matches what the manufacturer specified. The
published sensitivity of the Knowles FG-23629 is -53 dB re 1.0 V/Pa, and -63 dB re 1.0
V/Pa. These values are equivalent to convert sensitivities of S = 22.39 and 7.080 mV/Pa,
respectively, computed from Equation 2.1:

( )

where

(2.1)

= 10 V/Pa [27]. A sound calibration technique was performed in which the

microphones were subjected to a fluctuating acoustic pressure source of known
amplitude. The GenRad 1562-A sound level calibrator is a commercially available
microphone calibration device and was used for this endeavor. It emits 125 Hz, 250 Hz,
500 Hz, 1000 Hz, or 2000 Hz frequency tones at 114 dB re 20E-6 μPa which converts to
10.023 Pa, by Equation 2.2 [27], where

= 20 µPa.
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(

)

(

)

(2.2)

In order for the 0.100 inch microphones to fit into the 0.950 inch opening of the sound
level calibrator, an adaptor plug was designed with SolidWorks and made of resin using a
rapid prototype machine. The microphone and adaptor were inserted into the sound
calibrator, the microphone was connected to its amplifier circuit connected to a 10 VCD
power supply, and the output of the microphone was connected to a Tektronix TDS-2002
oscilloscope and a Fluke multimeter, as shown in Figure 2.3. The RMS of the
microphone output voltage was recorded at all five frequencies and the sensitivities were
determined by dividing the RMS output voltage by the sound pressure of 10.023 Pa
supplied by the calibrator.

Figure 2.3: Microphone calibration with GenRad1562-A sound calibrator setup.
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Figure 2.4: Sensitivity of Knowles FG-23629 (a) and Knowles FG-23742 (b) determined from sound
calibration.

It is apparent from Figures 2.4(a) and (b) that the frequency responses of the two
microphones appear to be fairly flat. The small variations in sensitivity values for the
different frequencies could be from the microphone or the sound calibrator, but is small
enough to be ignored. Thus, the sensitivity the Knowles FG-23629 can approximated as
21 mV/Pa, which is slightly less than the sensitivity of 22.39 mV/Pa that was provided on
the datasheet. Likewise, the FG-23742 has an approximate sensitivity of 6.5 mV/Pa
which is also slightly lower than the published sensitivity value of 7.080 mV/Pa.
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In order to accurately measure fluctuating pressures in a turbulent boundary layer,
it is vital to know the maximum sound pressure level (max SPL) that a microphone is
able to measure. If the peak amplitudes of the fluctuating pressure in a flow exceed the
transducer’s maximum measurable pressure, the microphone will “clip” or saturate and
will produce a measurement that is unreliable. Since the max sound pressure levels of
both the Knowles FG-23629 and FG-23742 microphones were not specified by the
manufacturer, a procedure was developed to experimentally determine them. This was
done by placing a Knowles microphone and a reference microphone of known max SPL
the next to a loudspeaker, applying varied high-amplitude acoustic signals, and
comparing the output signal of a Knowles microphone to the output of the reference
microphone. This method of characterizing a microphone’s performance is known as the
“reference microphone” method. The amplitude of the sound pressure source was
increased until the output signal of the Knowles microphone started to distort, signifying
that the max SPL had been reached. The reference microphone used for this
measurement was a Brüel & Kjær 4954, a high quality measurement microphone that has
a very flat frequency response from 3 to 80 kHz and a max SPL of to 164 dB (3170 Pa),
which is much higher than what was expected from the Knowles microphone. The high
maximum SPL of the B&K 4954 reference microphone allowed for accurate
measurement of the sound pressure supplied by the speaker. Because the Knowles
microphone was placed the same distance from the pressure source, as seen in Figure 2.5,
it was assumed the pressure measured by the reference microphone was the same
pressure entering the Knowles microphones. The Knowles microphones were held in the
same adaptor used in the sound calibration.
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Figure 2.5: Placement of the Brüel & Kjær 4954 (front) and Knowles FG-23629 (back) from the
acoustic pressure source.

The loudspeaker, a 40 watt electric guitar amplifier (model Rage158), was driven by a
sinusoidal signal with a frequency of 495 Hz, produced by a Simpson 420 signal
generator. The inlets of the microphones were placed 0.125 inches from the mesh in
front of the speaker cone. The Knowles microphone was hooked up to the custom
preamp with its outputs connected to a Fluke multimeter, a Tektronix oscilloscope, and
an LDS data analyzer. The B&K microphone was connected to the B&K Nexus 2690
conditioning amplifier whose output was connected to the Tektronix oscilloscope and the
LDS Focus II data analyzer. This setup is shown below in Figure 2.6. The pressures
supplied by the speaker were varied from 3 – 24.5 Pa (103.5 – 121.5 dB).
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Figure 2.6: Experiment setup for measuring the max SPL of a Knowles microphone.

Figure 2.7: Diagram of experiment setup for measuring the maximum SPL with a reference
microphone method.
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Figure 2.8: Sound pressure level measured by the microphone being calibrated (SPLcal) divided by
the pressure measured by the reference microphone (SPLref), for both Knowles microphone models
under investigation (a), and microphone signal from 15 Pa (117.5 dB) sound source (b).

The output RMS voltage of the Knowles microphone was converted to a sound pressure
level using the sensitivities previously determined (6.5 mV for the FG-23742 and 21
mV/Pa for the FG-23629) and the output of the B&K microphone was converted using
the manufacturer specified sensitivity of 3.0 mV/Pa. When the pressure measured by the
Knowles microphone is divided by the pressured measured by the reference microphone,
the value should be very nearly one, and decrease once the pressure source exceeds max
SPL of the Knowles microphone. Figure 2.8 (a) shows that for the Knowles FG-23629,
this measured pressure ratio starts to decrease after ~ 6 Pa (109 dB) and then significantly
decreases after 10 Pa (114 dB). This is consistent with the distortion of the pressure
peaks seen in the output signal of the FG-23629 in Figure 2.8 (b). Therefore, the FGPage 26

23629 is unsuitable for pressure measurements with fluctuations above 10 Pa. The output
ratio of the Knowles FG-23742 stayed flat up to 23 Pa (121 dB), so its max SPL was not
able to be determined. Based on the previously estimated relationship between the RMS
of the fluctuating total pressure and dynamic pressure, √̅̅̅̅

0.10, a microphone

with a max SPL of 10 Pa would experience clipping in a flow of q = 100 Pa, or
approximately U = 12.9 m/s for standard atmospheric conditions at sea level. As a result,
the FG-23629 was not further considered for use with the BLDS. However, this estimate
is based on a sinusoidal pressure input, where the RMS is 0.707 of the peak. In a
turbulent flow, there could be peaks in the pressure signal that are much larger than 1.414
times the RMS, meaning that clipping is likely to occur before the stated max SPL.
Condenser microphones consist of a metal housing in which a back-plate is
mounted behind a delicate and highly tensioned diaphragm, as seen in Figure 2.9. The
diaphragm and the back plate form the plates of the active capacitor which generates the
output signal of the microphone. Traditional condenser microphones require an external
polarization source to charge the diaphragm whereas the newer electret condenser or
simply electret microphones use an electret diaphragm that has been prepolarized [27].
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Figure 2.9: Typical condenser microphone produced by Brüel & Kjær [27].

The microphone responds to differences in pressure between the front and back of the
diaphragm, obtained by keeping the pressure on the back side of the diaphragm constant
[28]. The static pressure of ambient conditions can change with location or time, so
microphone equalization vents are added to ensure that mean static pressure of the
internal cavity follows the pressure of the environment. If there were no vents, changes
in ambient pressure would significantly displace the diaphragm from its working
position, resulting in malfunction or significant sensitivity changes [27]. Both Knowles
microphones are side-vented, meaning that the pressure equalization ports are on the side
of the microphone housing, as seen in Figure 2.10.
Unfortunately, side-vented microphones are more difficult to use in aerodynamic
environments. When the microphone is placed in a flow with the membrane normal to
the flow direction, the front side of the membrane will cause the flow to stagnate.
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Figure 2.10: Schematics of a side-vented condenser microphones [27] [28].

The pressure equalization vents will be oriented to the flow such that the back cavity will
equalize with, approximately, the static pressure of the flow, much like a Pitot-static tube
would, as seen in Figure 2.11(a). This difference between static pressure on the back side
of the membrane and stagnation, or total pressure, on the front side of the membrane
would create a mean loading effect equal to the dynamic pressure of the flow, seen in
Figure 2.11(b).
(a)

(b)

Figure 2.11: Measurement of Pitot-static tube (a) and mean loading of a microphone diaphragm (b).

This mean pressure load would cause a mean deflection of the microphone diaphragm
and could result in malfunction and significant sensitivity changes. Therefore, it is
imperative that the mean pressure in the cavity of the microphone is equalized with the
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total pressure. In order to achieve this mean pressure equalization for the present project,
a shroud has been applied, as seen in Figure 2.12.

Figure 2.12: Application of a shroud around a microphone to equalize the pressure around the
diaphragm.

The addition of a tube to the inlet of a microphone that is used to equalize the
mean pressure can significantly modify the response of the microphone and become a
source of signal distortion. Standing waves formed at the resonant frequencies of the
tube will be amplified, which could in turn distort the RMS measurement. The effect of
the shroud on the microphone frequency response was investigated by calibrating the
shrouded microphone with the reference microphone calibration method. Just as with the
method of determining the max SPL, the reference and the Knowles FG-23742 are placed
next to each other and an acoustic signal is applied to both using a loudspeaker. The
output voltage of the reference microphone is converted into a pressure measurement that
was considered the true acoustic pressure being measured by the Knowles FG-23742.
The output voltage of the Knowles microphone was divided by the pressure measured by
the reference microphone, yielding a value of the microphone sensitivity. The Behringer
ECM8000 connected with Tascam US-122MKII I/O interface was used as the reference
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microphone. A sound calibration of the Behringer ECM8000 using the GenRad 1567,
single tone sound level calibrator, produced a sensitivity of 27.0 mV/Pa. The frequency
response of the Behringer ECM8000 was assumed to be flat based on manufacturer
specifications.

Figure 2.13: Reference microphone calibration aparatus, using a the Line6 Spider IV 75 guitar
amplifier.

The LDS Dactron Focus II Signal Analyzer was used to generate a white noise
signal containing frequencies up to 10 kHz. This signal then drove a Line6 Spider IV 75
guitar amplifier, which was the sound pressure source for the calibration. The Behringer
reference microphone was attached to a microphone stand, as seen in Figure 2.13. To
prevent phase difference in the measured acoustic signal, the FG-23742 was taped
directly to the ECM8000, minimizing the distance between the two microphones. For
the sake of consistency, the Knowles FG-23742 was re-calibrated without a shroud using
the GenRad 1567 and the sensitivity was determined to be 5.2 mV/Pa, which is 20%
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lower than the original calibration. When an electret microphone is exposed to sound
pressure levels exceeding the max SPL, some of its charge can be lost resulting in
changes in sensitivity [27]. The recalibration of FG-23742 was performed after the
sensor was exposed to high pressure levels that could have exceeded the microphones
max SPL and caused changes in the microphones sensitivity.
The calibration procedure was conducted twice, on the bare Knowles microphone
and then again with a tube shroud. The frequency spectrum of the reference and Knowles
microphone output voltage signals were computed using a fast-Fourier-transform analysis
with the LDS Dactron system, and are seen in Figure 2.14.
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Figure 2.14: Output voltage spectra for the bare Knowles FG-23742 and the reference microphone
(Behringer ECM8000).

The pressure spectrum measured by the Knowles microphone was determined by
dividing all of the points in the voltage output spectrum of the reference microphone by
27 mV/Pa to convert into pressure. Then, the output voltage spectrum of the Knowles
microphone was divided by the pressure spectrum, producing frequency response. This
frequency response, seen in Figure 2.15, suggests that the Knowles microphone has a
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sensitivity of approximately 5.1 mV/Pa and is very flat out to 9000 Hz. The peaks that
occur after 2000 Hz are of small enough amplitude, fluctuating between 1 mV/Pa, to be
considered insignificant. This frequency response curve is quite flat, and the overall
average sensitivity matches the value of 5.2 mV/Pa obtained by the sound calibrator
almost perfectly. The large peak seen at 60 Hz is most likely electrical noise. This peak
was only observed when the LDS Dactron data analyzer was used to generate a white
noise signal and analyze data simultaneously and not when it was used to only analyze
data. Therefore, the 60 Hz peak and can be considered spurious.
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Figure 2.15: Frequency response of the bare Knowles FG-23742 determined using the reference
microphone.

A tube shroud was then placed over the microphone, as seen in Figure 2.16. This
particular tube shroud geometry was chosen just for the development of reference
microphone calibration, and was not intended to be used for turbulence measurement.

Figure 2.16: Shroud configuration used to develop the reference microphone calibration method.
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The resonant frequencies of an open-closed tube, like the one in Figure 2.16, can be
determined from:
(

where

is the natural frequency of the pipe,

pipe, and

)

(2.3)

is the mode number,

is the length of the

is the speed of sound [29]. From Equation 2.3, the first three resonant

frequencies should be 1501, 4503, and 7505 Hz. The same calibration procedure
described above was then repeated for the shrouded microphone. The resulting
frequency response curves for the shrouded and bare microphones, as seen in Figure 2.17,
show that the distortion to the sensitivity of the microphone is very significant.
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Figure 2.17: Frequency response of the shrouded and bare microphones determined from reference
microphone calibration.

The three spectral peaks seen in Figure 2.17 are located at 1396, 4256, and 6908
Hz, and closely match to predicted peaks at 1501, 4503, and 7505 Hz. This result gives
confidence in the use of the reference microphone method to accurately measure the
influence of a shroud on the frequency response of the microphone. Tsuji et al [18] used
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a similar reference-microphone-calibration method to correct for probe resonance by
measuring the amplitude ratio and phase delay between the two microphone signals. The
amplitude ratio and phase delay were then used to numerically remove the resonance in
Fourier space from the measured pressure-time signal, thus correcting the frequency
spectrum. Because the BLDS cannot sample fast enough and does not have the ability to
store the data needed for spectral analysis, the possibility of pressure spectra correction
was not further investigated.
There are several additional sources of pressure fluctuations that can be measured
by the microphone and contaminate the desired measurement of fluctuating total pressure
in a turbulent boundary layer, besides the changes in frequency response due to the
application of a shroud/tube. Environmental noise from a wind tunnel for example,
generates acoustic pressures that would be measured by the transducer as noted by
Farabee [30] as well as Tsuji et al [18]. Electrical noise from the equipment can generate
spurious signals that contaminate the output signal of the sensor. While there has been no
previous work to confirm this hypothesis, it seems likely that a poor geometric shape of
the probe could generate local turbulence that would be measured by the sensor,
regardless of whether the actual flow of interest is laminar or turbulent. This effect
would be analogous the errors in static pressure measurement due to pinholes at the probe
or microphone inlets, suggested by Bull [20]. Insufficient spatial resolution of the sensor
will prevent measurement of the small-scale turbulent structures and attenuate the overall
RMS pressure signal. Schematics of the sources and mechanisms of signal error and
distortion are displayed below in Figure 2.18.
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Figure 2.18: Sources of error and signal distortion/modification within the system.

Electrical noise level may be estimated simply by measuring the sensor output at
a wind-off condition. If found to be significant, corrections can be made by subtracting
the mean square of the noise level measured at wind-off from the mean square of the
measured data and taking the square root of the quantity [22].
√̅̅̅̅̅̅̅̅̅

The electrical noise

√̅̅̅̅̅̅̅̅̅̅

̅̅̅̅̅̅̅̅̅

(2.4)

can then be estimated from the root mean square of the

transducer measurement signal at the wind-off condition ̅̅̅̅̅̅̅̅̅̅

̅̅̅̅̅̅̅̅̅|

and the

true RMS pressure value is calculated by Equations (2.4) [22]. Experimental results
collected suggest that the electrical noise is insignificant and will be addressed in Chapter
3.
Facility induced noise such as acoustics and vibration can add significantly to the
fluctuating pressure signal. Wind tunnels put out a lot of sound which makes pressure
measurement difficult. Farabee [30] noted that the dominant source of facility generated
noise comes from acoustic tones generated by the centrifugal blower which can propagate
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upstream into the test section from resonating standing waves between the wind tunnel
inlet and the downstream blower like an organ pipe. He also noted though that the
primary band of contamination was in frequencies below 50 Hz. This frequency,
however, is unique to the centrifugal blower speed and the geometry of each wind tunnel.
Tsuji et al [18] noted that their data for frequencies below 100 Hz was contaminated by
low-frequency noise. They also presented a procedure to estimate the level of acoustic
contamination in a wind tunnel. First, the static wall pressure fluctuation
measured and the static pressure

is

is measured at a point in the freestream far

enough away from the wall, such as twice the boundary layer height (

), that the

two signals are uncorrelated except for the ambient noise contribution. The pressures are
then decomposed by into the background noise due to acoustics and vibration denoted by
, and the true static pressure fluctuations are denoted by

, according to

Equation (2.5).
(2.5)
Because both

and

are independent of the turbulent statistics, the

correlation between the two functions can be determined as:
̅̅̅̅̅̅̅̅̅̅
Furthermore, ̅̅̅̅̅̅̅̅̅̅

̅̅̅̅̅̅̅̅̅̅

̅̅̅̅̅̅̅

(2.6)

because the static pressure is measured in the freestream where

. Because both component of pressure due to background noise is equal for
both the static and wall measurements, it follows ̅̅̅̅̅̅̅
the background noise can be defined as:
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̅̅̅̅̅̅̅. Therefore, the RMS of

√̅̅̅̅̅̅̅̅̅̅|
Using this procedure, Tsuji et al [18] observed that
Reynolds number when normalized by outer variables (

(2.7)
decreased as a function of
) and approached a

constant value of 5×10-4. While this procedure was developed for static pressure
fluctuation measurements, it also would be valid for total pressure fluctuation
measurement instruments if the acoustic noise were the only source of the signal
measured in the freestream. However, this assumption becomes invalid if there is local
turbulence production due to poor probe shape or significant electrical noise. As a result,
no calculations were performed to determine the contribution of environmental acoustic
noise to the measured signal. However, the influence of environmental acoustic noise
was observed in the data and is discussed further in the following chapters.
The production of local turbulence due to the influence of the probe on the flow is
one of the main points of interest. As previously stated, the purpose of the system is to
detect the transition from laminar to turbulent flow by measuring the increase in the RMS
of total pressure due to turbulence. If local turbulence were to occur, possibly in the form
of a region of separation around the probe tip, it could lead to measurements indicating
turbulence, even when measured at locations where the flow is laminar, such as in the
freestream. While there has been no published method to predict this effect,
measurements of RMS values, time signal, and spectrum of the total pressure taken at the
wall of a turbulent boundary layer and in a laminar freestream were compared to
determine the ability of a probe configuration to accurately distinguish between laminar
and turbulent flow.
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Spatial resolution has been a key point of interest for many previous researchers
seeking to resolve the entire spectrum of static pressure fluctuations within a turbulent
boundary layer. In a turbulent flow, the largest eddies are usually easily resolved but
smaller eddies require very fine spatial and temporal resolution [16]. If the sensor does
not have sufficient ability to resolve the small-scale motion, the sensor will integrate the
fluctuations due to small eddies over its spatial extension, and the energy content of these
eddies will be counted as an average. In the case of measuring fluctuating quantities such
as pressure, this implies that these small eddies are counted as part of the mean flow and
their energy is ‘lost’. This will produce a lower value of the turbulence parameter which
will be wrongly interpreted as a measured attenuation of the turbulence [16]. The impact
of spatial resolution was noted by early researchers and in 1967, Corcos [31] developed a
procedure to correcting pressure spectral data for the attenuation of high frequency,
small-scale fluctuations for transducers of the size d+ < 160 [15]. However, due to the
assumptions necessary to the calculations, this correction is only approximate in nature
[32]. More recent work has suggested that reasonably accurate pressure fluctuation
measurements can be attained by simply using sufficiently small sensors. Both Schewe
[14], Lueptow [15], and Tsuji et al [18] used a sensor of d+ = 19 and reported adequate
spatial resolution while Keith [31] suggests that d+ of 10 is better. It should be noted that
with the exception of the work performed by Karasawa [22], previous investigations of
the influence of transducer spatial resolution has only related to static pressure fluctuation
measurement. The applicability of the previously proposed sensor (or probe) size
criterion to the measurement of fluctuating total pressure would be expected to be similar
to the requirements for measuring fluctuating velocity. Moreover, the purpose of this
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thesis is to simply distinguish between laminar and turbulent states, not to precisely
measure the various eddies and scales of motion or the complete spectrum of pressure
fluctuations in a turbulent boundary layer. Thus, the level of error in pressure spectra and
RMS values due to inadequate spatial resolution is a secondary point of investigation to
this thesis.
System requirements were created to assess and validate the system’s
performance and ability to meet the stated objective. In order for the microphone-based
turbulence detection system to successfully discern laminar and turbulent flow, these
primary requirements must be met:
1. The mean loading effect must be eliminated.
2. The transducer must be able to measure the peak pressure fluctuations without
“clipping” the signal.
3. The shape of the probe must not generate excessive local turbulence that creates
additional pressure fluctuations comparable to those related to the boundary layer
itself.
A set of secondary system requirements were also developed. These are desirable system
characteristics that would allow for more precise measurements of turbulence
characteristics.
1. The probe/shroud tip should be small enough to allow for measurements
throughout the height of the boundary layer.
2. The probe/shroud should not strongly distort the pressure spectrum measured by
the microphone.
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3. The probe/shroud should be small enough to cause minimal distortion of the flow
field.
Six different sensor-probe configurations were developed, from which three were
identified as meeting the criteria stated above. The reader can refer to Appendix B for a
description of other three configurations that were not further considered.
The first probe configuration, seen in Figure 2.19, will be referred to as
Configuration #1. A small brass tube of 0.125 inch outer diameter was bored out to
0.102 inches and the base of the microphone was gently press fit in. A 1.501 inch length
of 304 stainless steel tubing of 0.148 inch outer diameter and 0.128 inch inner diameter
was slid over the microphone and brass tube, to create a shroud over the microphone to
equalize the mean pressure at inlet and vents of the microphone.

Figure 2.19: Section view of the microphone probe Configuration #1.

Figure 2.20: Microphone probe Configuration #1.
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The 0.035 inch protrusion of the outer tube past the entrance of the microphone inlet was
kept small in order to maximize the resonant frequency of the tube. Löfdahl and Gad-elHak [16] estimate that for a typical turbulent boundary over a flat plate with Reθ = 4000
that the kinetic energy content above 10 kHz in a turbulent flow is almost negligible.
Therefore, by ensuring that the natural frequency of the probe is sufficiently high,
resonance should not significantly change the RMS of the fluctuating total pressure.
From Equation 2.3, the resonant frequency should be over 90 kHz. Considering the
0.035 inch length and 0.128 diameter of the air column, other modes of resonance maybe
generated other than standing waves predicted by Equation 2.3. A reference microphone
calibration was performed to determine the exact frequency response; results from this
calibration are shown in Figure 2.21.
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Figure 2.21: Frequency response of microphone probe Configuration #1.

The frequency response from the addition of the short shroud of Configuration 1 is
almost an exact match of the response of the bare microphone. The only downside of this
configuration is the large diameter of the probe inlet. For the wind tunnel conditions
tested (Chapter 3), the non-dimensional probe diameter in viscous wall units is between
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150 ≤ d+ ≤ 500, which is much larger than the criterion of d+ < 16 suggested for wall
static pressure fluctuation measurements.
The second configuration developed, referred to as Configuration 2, is seen in
Figure 2.22. The small brass tube was still used to hold the microphone but a second
length of tube was glued into the 0.148 inch OD, 0.128 inch ID steel tube.

Figure 2.22: Section view of microphone probe Configuration #2.

Figure 2.23: Microphone probe Configuration #2.

The second length of tube was a 3 inch long piece of 304 steel of 0.042 inch OD and
0.035 inch ID. This probe was designed with the expectation that the 3 inch length of
tube would modify the frequency response of the system. This was intentional, and
allows for investigation of the impact of probe resonance on the measurement of the
RMS of fluctuating total pressure. According to Equation 2.3, the first three resonant
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frequencies should be 1130 Hz, 3390 Hz, and 5650 Hz. The reference microphone
calibration procedure produced the frequency response seen in Figure 2.24.
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Figure 2.24: Frequency response of microphone probe Configuration #2.

From the frequency response plot, it is clear that there are spectral peaks at 600 Hz, 2200
Hz, and 4200 Hz, indicating that the resonant frequencies were much lower than
estimated by Equation 2.3. This is possibly due to resonance in the small chamber
around the microphone. The response curve is far from flat meaning that that the
pressure spectrum of a turbulent boundary layer will be significantly distorted. However,
the maximum amplification is less than 3 times the nominal sensitivity so it seems
plausible that the impact on RMS of the fluctuating total pressure could be relatively low.
The smaller diameter of the probe tip provides improved spatial resolution as compared
to Configuration 1; for the wind tunnel conditions tested, the probe diameter in viscous
wall units is between 40 ≤ d+ ≤ 130.
The final probe design, Configuration 3, shown in Figure 2.25, is a combination
of Configurations 1 and 2. In a technical bulletin published by the microphone
manufacturer Knowles, it is suggested that the addition of a small acoustic damper placed
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in a tube near the inlet of microphone could reduce resonance peaks in the frequency
response [33] when a microphone is placed within a tube. Configuration 3 is composed
of 1.500 inch long tube of a 0.100 inch OD and 0.082 inch ID, with an acoustic damper at
the base.

Figure 2.25: Section view of microphone probe Configuration #3.

Figure 2.26: Microphone probe Configuration #3 and Knowles acoustic damper.

The acoustic damper is produced by Knowles, has an acoustic impedance of 2200 ohms,
and is 0.82 inches in diameter. Acoustic impedance is the acoustic analogue to electrical
resistance and is defined as the complex quotient of the acoustic pressure acting on a
surface divided by the volume velocity at the surface [29]. Sound calibration of this
configuration yielded the frequency response seen in Figure 2.27.
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Figure 2.27: Frequency response of microphone probe Configuration #3.

The resonant frequency of the 1.5 inch tube is expected to be 2260 Hz, and appears to
occur somewhere between 1500 and 2000 Hz. The damper seems to keep the frequency
response relatively flat out to 3000 Hz and minimizes the amplification at the resonant
frequency to under 8 mV/Pa. The 0.100 inch outer diameter of the probe allows for an
improvement in spatial resolution compared to Configuration 1. For the wind tunnel
conditions tested, the viscous wall diameter units were 100 ≤ d+ ≤ 310.
The performance of these three microphone-probe configurations was assessed by
means of wind tunnel testing. Procedure, results, and discussion of the experiments are
provided in Chapter 3.
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CHAPTER 3
Results and Discussion
The three microphone/probe configurations whose calibrations were described in
Chapter 2 were evaluated through experiments performed in the 2 by 2 foot wind tunnel
in the Cal Poly Mechanical Engineering Fluids Laboratory in San Luis Obispo. The wind
tunnel has a 4 foot long test section and is capable to flow speeds of up to 50 m/s (110
mph). The frequency of the blower can be set from 0 to 60 Hz which provides for control
over the wind tunnel air speed. Measurements were made at approximate wind tunnel
speeds of 15, 23, 31, 39, and 47 m/s corresponding to blower settings of 20, 30, 40, 50,
and 60 Hz. Measurements were conducted in the boundary layer of a flat plate with a
sharp leading edge that was placed in the middle of the test section with the leading edge
set approximately 3.5 inches downstream of the wind tunnel contraction exit as shown in
Figure 3.1. The plate secured to the wind tunnel floor.
The shroud of the microphone was taped directly to an aluminum bar, which was
then taped to the probe support strut, as seen in Figure 3.2. The probe support strut of the
wind tunnel, depicted in Figure 3.1 and 3.2, provides for vertical and axial positioning of
probes within the wind tunnel test section and allowed for quick changes between
measurements in the freestream and on the wall, seen in Figure 3.3.
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Figure 3.1: Experiment configuration of the Cal Poly 2x2 foot wind tunnel.

Figure 3.2: Attachment of microphone and probe to the wind tunnel with probe Configuration #1.
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Figure 3.3: Measurement of p't,RMS in the freestream with probe Configuration #1.

The local dynamic pressure was measured with stand-alone static and total pressure
probes mounted next to the microphone at the same chord-wise location. The static and
total pressures were fed through 1/16 inch plastic tubing to a Setra differential pressure
transducer. The Setra was powered by a voltage source and its output was measured with
a Fluke multimeter. The microphone was connected to the custom preamplifier circuit
with its output signal measured by a Fuke multimeter and the LDS Dactron Focus II real
time signal analyzer. A schematic of the data collection instrumentation can be seen in
Figure 3.4.

Figure 3.4: Schematic of the instrumentation used to collect p't,RMS measurements.
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The Fluke multimeter was used to measure the output RMS voltage from the microphone
preamplifier, which, when divided by the nominal microphone sensitivity of 5.2 mV/Pa,
converts to RMS of the total pressure fluctuations. The Dactron signal analyzer
measured the time-dependent preamplifier output voltage from which it computes a
voltage spectrum by means of a fast-Fourier-transform. These are converted into timedependent pressure signal and a pressure spectrum is obtained using the microphone
sensitivity. While the BLDS cannot sample voltages at frequencies sufficient to resolve
the spectrum and would only be able to measure p't,RMS, the total pressure spectra and
time signals were used in the laboratory setting to assess the system’s ability in accurately
measuring the fluctuating total pressure. The span of the data analyzer was set to 9500
Hz with 1600 lines and 4096 points. This corresponds to a total sample time of 0.170625
seconds being sampled every 4.1667×10-5 seconds, and a maximum frequency of 10541
Hz, with a resolution of 5.859 Hz. A Hanning window was used because they are
recommended for random noise type signals and has good frequency resolution. The
real-time FFT’s were linearly averaged 200 times at each measurement speed and
location because averaging improves the measurement and analysis of purely random
signals or that are mixed random and periodic signals [34].
A flat plate was chosen for its ability to achieve a large area of laminar flow and
its lack of pressure ports. The formation of a separation bubble at the leading edge is a
common problem with sharp-edged flat plates and was prevented by adding a flap at the
back of the plate. Four washers were added under the back legs of the plate in order to
create a very slight favorable pressure gradient to further prevent leading edge separation.
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The four washers added 0.24 inches of height to the back legs and created a nose-down
angle of 0.57 degrees. The boundary layer was tripped by means of a boundary layer trip
wire for the cases where a turbulent boundary layer was desired. The diameter of the trip
wire was sized using Gibbings’ criterion for a wire to trip the flow into turbulence given
by Equation 3.1:

(3.1)

where k is the boundary layer trip height [35] [5]. By assuming room temperature and a
velocity of U = 23 m/s, the trip height was determined to be k = 0.02 inches so a piece of
25 gauge hypodermic stainless steel tubing (0.020 inch OD) was used and is seen in
Figure 3.5. The critical Reynolds number for a flat plate is Rex,crit ≈ 91,000 [5], so for a
velocity of U = 23 m/s, the minimum distance for the boundary layer to become critical is
xcrit = 2.2 inches. Thus, the trip was set at x = 3 inches and was secured to the plate with
double-sided tape.

Figure 3.5: Boundary layer wire trip attached to the flat plate with double stick tape.
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When the trip was applied, measurements were made at x = 28 inches downstream of the
leading edge, seen in Figure 3.1, where the boundary layer was turbulent. The Reynolds
numbers scaled on stream-wise distance x corresponding to the 5 different speeds were
6.02×105 < Rex < 1.88×106. Measurements were also made at x = 8 inches with the trip
removed and the boundary layer laminar, corresponding to Reynolds numbers of
1.85×105 < Rex < 5.76×105. All measurements were taken with the microphone probe set
on wall of the plate then in the freestream, at an approximate height of y ~ 3 inches.
Table 3.1 summarizes the boundary layer properties and probe configurations tested.

Table 3.1. Test matrix for microphone probe configuration evaluation in the wind tunnel.

Measurement
Location

Probe
Configuration

Rex

Cf

δ
[in]

x = 8 in

#1

1.85e5 – 5.76e5

1.54e-3 – 8.75e-4

0.0938 – 0.0532

x = 28 in

#1, #2, #3

6.02e5 – 1.88e6

4.06e-3 – 3.23e-3

0.654 – 0.519

The values of boundary layer thickness, δ, and skin friction, Cf, were estimated
assuming flat plate behavior. For the laminar case, the Blasius flat-plate solution was
used to calculate these values, seen in Equation 3.2 and Equation 3.3 [5].

√

(3.2)

√

(3.3)
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Boundary layer thickness and skin friction for the turbulent boundary layer cases were
calculated using Prandtl’s approximation developed from a power-law profile and are
given by Equations 3.4 and 3.5:

(3.4)

(3.5)

where x is the distance between the location for the measurement and the boundary layer
trip, which was 25 inches. The actual state of the boundary layer was confirmed by
listening to the boundary layer with a stethoscope. A soft hissing sound can be heard
when the boundary layer is laminar. As the boundary layer transitions, intermittent
popping can be heard, corresponding to the turbulent spots. The onset of turbulence
produces a distinct roar [36].

Results from Microphone Probe Configuration #1
The aforementioned experiment setup and procedures were employed with
microphone probe Configuration #1, seen below in Figure 3.6. The additional piece of
tubing was attached the 0.148 inch piece of tube, increase distance from the strut to the
measurement location, seen in Figures 3.2 and 3.3.
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Figure 3.6: Microphone probe Configuration #1.

The measured dynamic pressure and estimates of the properties for the boundary layer
measurements collected at x = 28 inches from the leading edge are displayed in Table 3.2.
The RMS of the fluctuating total pressure, the fluctuating total pressure spectrum, and
time signal shown in Figures 3.7, 3.8, and 3.9 respectively.

Table 3.2. Test matrix for microphone probe Configuration #1 evaluation in the wind tunnel at x = 28
inches (turbulent).

qe
[Pa]
138.1
167.9
202.3
239.6
279.9
323.2
370.2
421.0
474.7
532.9
591.9
938.2
1357.7

U
[m/s]
15.2
16.7
18.4
20.0
21.6
23.2
24.8
26.5
28.1
29.8
31.4
39.5
47.6

δ
[m]
0.0164

d/δ

Cf

0.229

6.64×10

5

0.0161

7.29×10

5

7.93×10

5

8.57×10

5

9.21×10

5

9.86×10

5

1.05×10

6

1.12×10

6

1.18×10

6

1.25×10

6

1.57×10

6

1.89×10

6

Rex
6.02×105

0.00405

τw
[Pa]
0.559

uτ
[m/s]
0.683

160.4

0.234

0.00397

0.667

0.746

175.2

0.0158

0.238

0.00390

0.789

0.811

190.5

0.0155

0.242

0.00383

0.918

0.875

205.5

0.0153

0.246

0.00377

1.056

0.938

220.4

0.0151

0.249

0.00372

1.202

1.001

235.2

0.0149

0.253

0.00367

1.359

1.064

250.0

0.0147

0.256

0.00362

1.525

1.127

264.9

0.0145

0.259

0.00358

1.699

1.190

279.6

0.0143

0.262

0.00354

1.886

1.254

294.5

0.0142

0.265

0.00350

2.073

1.314

308.8

0.0135

0.278

0.00334

3.138

1.617

379.9

0.0131

0.288

0.00322

4.376

1.910

448.6
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Figure 3.7: RMS values of the fluctuating total pressure divided by the local dynamic pressure
outside the boundary layer measured with microphone probe Configuration #1 at x = 28 inches
(tripped, turbulent boundary layer) and x = 8 inches (untripped, laminar boundary layer).
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Figure 3.8: Fluctuating total pressure spectrum measured with microphone probe Configuration #1
at x = 28 inches measured on the wall of a turbulent boundary layer (a) and in the freestream (b).
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Figure 3.9: Time signals measured with microphone probe Configuration #1 collected at x = 28
inches (turbulent boundary layer); (a) qe ~ 135 Pa, (b) qe ~ 320 Pa, (c) qe ~ 585 Pa, (d) qe ~ 930 Pa, and
(e) qe ~ 1350 Pa.

Electrical noise would be expected to be most significant at qe ~ 135 Pa, where
p't,RMS is smallest. The microphone RMS voltage output in the turbulent boundary layer
at x = 28 inches was 75.3 mV and 14.2 mV in the freestream. Wind-off microphone
voltage was below 1.5 mV which is much smaller than both the freestream and turbulent
voltages. Although the wind-off voltage could be lower than the wind-on because of
electrical noise due to wind tunnel blower operation, it is must be smaller than 14 mV as
measured in the freestream, which also contains significant acoustic noise. Examination
of the spectra in Figures 3.8 (a) and (b) show no distinct peaks at 60 Hz which would
correspond to electrical noise. Thus, electrical noise can be considered so small that it is
not worth subtracting from the measured voltages.
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The boundary layer trip-wire and tape were removed from the flat plat so that the
boundary layer would be laminar and measurements were taken at x = 8 inches from the
leading edge at 5 different wind tunnel speeds. The estimates of the boundary layer
properties were determined from Equations 3.2 and 3.3 and are displayed in Table 3.3.
Table 3.3. Test matrix for microphone probe Configuration #1 evaluation in the wind tunnel at x = 8
inches (laminar).

δ
[m]

d/δ

Cf

τw
[Pa]

1.85×105

0.0024

1.592

0.00154

0.098

2.83×10

5

0.0019

1.967

0.00125

0.186

3.80×10

5

0.0016

2.280

0.00108

0.289

4.82×10

5

0.0015

2.568

0.00096

0.413

5.76×10

5

0.0013

2.809

0.00087

0.540

qe
[Pa]

U
[m/s]

Rex

127.6

14.6
22.3

297.1
536.7

29.9

862.8
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Figure 3.10: Fluctuating total pressure spectrum for microphone probe Configuration #1 at x = 8
inches measured on the wall of a laminar boundary layer (a) and in the laminar freestream (b).
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Figure 3.11: Time signals measured with microphone probe Configuration #1 collected at x = 8
inches (laminar boundary layer); (a) qe ~ 130 Pa, (b) qe ~ 300 Pa, (c) qe ~ 535 Pa, (d) qe ~ 865 Pa, and
(e) qe ~ 1235 Pa.

The magnitudes of the RMS of the fluctuating total pressure, seen in Figure 3.7,
are very different between the laminar and turbulent boundary layer cases. The distance
from the wall to the centerline of the probe tip, y, can be considered the effective
measurement height, which becomes y/δ when it is non-dimensionalized. As the flow
speed increased, the boundary layer became thinner, and so the non-dimensional
measurement height ranged between 0.115 ≤ y/δ ≤ 0.144 for the turbulent case. This
range of y/δ matches the assumption of y/δ = 0.15 used in the estimate of p't,RMS/qe ≈ 0.10
given at the end of Chapter 1. This range of y/δ corresponds to a y+ range of 80 to 224,
indicating that measurements were made at a location centered roughly within the
logarithmic overlap region, where both viscous (molecular) and turbulent (eddy) shear
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are present [5]. At the lowest dynamic pressure, p't,RMS/qe measured in a turbulent
boundary layer at x = 28 inches is near .09, which is very close to the estimate of 0.10
given in Chapter 1. As the dynamic pressure increased to qe = 240 Pa, the value of
p't,RMS/qe decreased from 0.091 to 0.086. The skin friction estimates, given in Table 3.2,
are plotted along with the p't,RMS/qe in Figure 3.12. From Equation 3.6, it be seen that
skin friction should be proportional to dynamic pressure to the -0.1 power:

(3.6)

Since Reynolds stresses and skin friction are expected to scale with each other, it would
be expected that the dimensionless total pressure fluctuations, p't,RMS/qe, would vary with
freestream dynamic pressure in the same manner as the dimensionless skin friction, Cf,
because as shown in Equation 1.11, the quantity u'RMS/Ue is the largest contributor to
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Figure 3.12: RMS value of the fluctuating total pressure divided by the local dynamic freestream
pressure measured with microphone probe Configuration #1 at x = 28 inches (turbulent boundary
layer) and the corresponding calculated skin friction values.
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Thus, a curve fit of the form

⁄

was added to Figure 3.12, and is seen to

pass through the first four p't,RMS/qe measurements perfectly This is consistent with the
expected similarity in the scaling of skin friction and p't,RMS/qe. When qe increased to 280
Pa, p't,RMS/qe decreased even further and the values dropped from 0.084 down to 0.033 at
the highest dynamic pressure tested. The drop in the values of p't,RMS/qe after the dynamic
pressure exceeds 240 Pa is seen in Figure 3.12 by the sharp divergence of the p't,RMS/qe
curve from the trendline. This sudden decrease in p't,RMS/qe is inconsistent with expected
scaling with increasing dynamic pressure and suggests that microphone clipping is
occurring. Further discussion of this will be provided later.
The fluctuating total pressure spectrum collected at x = 28 inches where the
boundary layer is turbulent, seen in Figure 3.8 (a) show a “knee” in the curve that shifts
to higher frequencies as the dynamic pressure increases. The slope of this knee is also
fairly constant between the different spectra. The presence of this roll-off and the
shifting “knee” fits with the idea of the turbulent energy cascade. A turbulent flow can
be imagined as being divided into groups of smaller and larger eddies. As the smaller
eddies are exposed to the strain-rate field of the larger eddies, the vorticity and energy of
the smaller eddies increases at the expense of the larger eddies. Thus, there is a transfer
of energy from larger eddies to smaller eddies. In reality there are all different sizes of
eddies with the smallest ones feeding off of the slightly larger eddies and so on.
Eventually, the eddies become so small that the effects of viscosity become dominant and
all of the energy is dissipated through viscosity, [2]. These smaller, lower energy eddies
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are typically represented by high frequencies, which matches the decrease in the
amplitude with increasing frequency observed in the pressure spectrum in Figure 3.8 (a).
As discussed in Chapter 1, the RMS of a total pressure fluctuation is a function of
the instantaneous fluctuating static pressure and instantaneous fluctuating velocity. Near
the surface within a turbulent boundary layer, the fluctuating velocity term, ̅̅̅̅ ̅ , is
expected to be several times larger than the fluctuating pressure term, ̅̅̅̅

̅ , and is

also multiplied by 4, as seen in Equation 1.11. Thus, it seems reasonable to expect the
spectrum of p't,RMS to bear more of resemblance with a fluctuating velocity spectrum than
with a fluctuating static wall pressure spectrum. Figure 3.13 plotted below shows a
turbulence fluctuating velocity spectrum collected by Farabee et al [29] with a fluctuating
total pressure spectrum collected at qe = 240 Pa overlaid.
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Figure 3.13: Velocity spectra across a turbulent boundary layer in dB re: 1 (m/sec)2/Hz for Ue = 18.3
m/sec and δ = 2.54 cm collected by Farabee [29]. Secondary axis show total pressure spectrum in dB
re: 1 Pa, measured with microphone probe Configuration #1 at x = 28 inches measured on the wall of
a turbulent boundary layer for Ue = 18.4 m/sec (qe = 202.3 Pa), y/δ ~ 0.119, and δ ~ 1.58 cm.

Based on the differences in boundary layer thickness, it can be inferred that the
Reynolds numbers are very different, and so the two sets of curves shown in Figure 3.13
shouldn’t look identical. With that said, there are some striking similarities. Both spectra
have smooth curves that have the highest amplitudes at low frequencies. The slopes of
the curve of the total pressure spectrum seems to be parallel to the velocity spectrum
curve, between in the frequencies ranging between 200 and 7000 Hz. After the frequency
exceeds 7000 Hz, the slope of the pressure spectrum seems to flatten out a little. This
slight flattening of the curve could be due to spatial resolution because high frequency
fluctuations are typically very small in size. As seen in the spectrum though, the energy
associated with such high frequency fluctuations is relatively low and so even if
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insufficient spatial resolution is causing this error in the total pressure spectrum, it is
likely to have very little impact on the RMS value of the total pressure.
As the freestream velocity increases, the amplitude of the velocity fluctuations
and total pressure fluctuations increases. Therefore, the pressure spectrum collected at
higher dynamic pressures should be of higher amplitudes than the spectrum collected at
lower dynamic pressures. This is seen to be the case with the spectrum collected at qe ~
320 Pa being above the spectrum collected at qe ~ 135 Pa, seen in Figure 3.8 (a). This is
apparent in the high frequency content of the spectra measured at the three higher
dynamic pressures of qe ~ 585, 930, 1350 Pa. At frequencies above 2000 Hz, the
pressure spectrum of qe ~ 1350 Pa is the highest amplitude and the spectrum from qe ~
135 Pa is the lowest amplitude, seen in Figure 3.8 (a). The low frequency content of the
spectra measured at higher three dynamic pressures is actually of lower amplitude than
the spectra measured at qe ~ 135 and 320 Pa. As seen with the spectra of qe ~ 135 and
320 Pa, the low frequency fluctuations are the highest amplitude of the entire curve. This
suggests that the attenuation of the amplitude of the low frequency content for 585 Pa ≤
qe ≤ 1350 Pa could be a result of microphone signal clipping. If microphone clipping was
occurring, the highest amplitude fluctuations would be clipped, which are low frequency
in the case of a turbulent flow and examination of the pressure time signals in Figure 3.9
confirms this suspicion. There is a definite increase in the maximum pressure peaks from
qe ~ 135 Pa to qe ~ 320 Pa, but as dynamic pressure was increased further, the maximum
pressure peaks seem to approach a limit of ±70 Pa, seen in Figure 3.9 (c), (d), and (e).
Furthermore, the peaks of the signal from qe ~ 1350 Pa make an almost perfect line at
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±70 Pa. This maximum measurable peak amplitude of ±70 Pa converts to an RMS value
of 50 Pa, and can be considered the actual maximum SPL of the FG-23742. This,
combined with the fact that the maximum pressure peak measured at qe ~ 585 Pa is the
same at qe ~ 1350 Pa lead to the conclusion that the amplitude of the low frequency
fluctuations is greater than the maximum measureable pressure of the microphone, and
causing clipping of the pressure signal.
The spectra displayed in Figure 3.8 (b) show that the amplitude of the pressure
fluctuations measured in the freestream are much lower amplitude than the amplitude of
the spectra collected at the wall in Figure 3.8 (a), but much nosier. There are also several
distinct peaks in the Freestream spectrum. The pressure signals for the higher dynamic
pressures, seen in Figure 3.9 (c) - (e), look almost sinusoidal, showing a very dominant
frequency.
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Figure 3.14: Fluctuating total pressure spectrum measured with microphone probe Configuration #1
at x = 28 inches measured in the laminar freestream with resonant frequencies labeled.
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Figure 3.14 shows that the most dominant frequencies in the freestream pressure
spectrum are at 585.6, 627.0, and 796.9 Hz. It is interesting to note that these frequencies
are constant with changing dynamic pressures, implying that the resonances are not a
result of wind tunnel blower speed. Vibrations the flat plate or the vertical adjustment
strut that the microphone was attached to also aren’t causes for theses spectral peaks
because aerodynamically induced structural vibration is caused by vortex shedding
behind the structure, and the frequency of the vortex shedding scales with a nondimensional number called the Strouhal number, which is a function of the velocity.
These peaks are also probably not a result of acoustic resonance within the probe itself
because peaks would also be visible in the pressure spectrum in Figure 3.8. Acoustic
resonance within the wind tunnel itself is the most likely cause for theses peaks.
Acoustic resonance in an open-open rectangular volume, like the wind tunnel section
seen in Figure 3.15, is given by Equation 3.7:

√

(3.7)

where c is the speed of sound, estimated to be 1125 ft/s, Lx, Ly, and Lz, are lengths
given in Figure 3.15 (b), and i, j, and k are whole numbers corresponding to the mode
[37] [38]. Because the flat plate divided the wind tunnel test section in half, Ly was set to
1 foot, while Lx was chosen as the wind tunnel width of 2 feet. The first six natural
frequencies derived from Equation 3.7 are given in Table 3.4.
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(a)

(b)

Figure 3.15: The wind tunnel test section (a) and dimensions of a resonating rectangular acoustic
cavitity (b).

Table 3.4. Specific formulas for natural frequencies of the rectangular acoustic cavity given in Figure
3.15 (b) and the natural frequencies observed in the freestream pressure spectrum of Figure 3.14.

Mode Shape

Natural Frequency

fn Predicted
[Hz]

fn Observed
[Hz]

i=1
j=0
k=0

281.3

263.7

i=0
j=1
k=0

562.5

580.1

628.9

627.0

i=2
j=0
k=0

562.5

580.1

i=0
j=2
k=0

1125.0

1130.9

795.5

802.7

i=1
j=1
k=0

i=2
j=1
k=0

√

√
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As seen in Table 3.4, all 6 of the predicted natural frequencies describe the peaks in the
freestream pressure spectrum of Figures 3.8 (b) and 3.14, and is therefore the primary
cause of the freestream resonance. These peaks are not evident in the pressure spectrum
collected at the wall of Figure 3.8 (a); this may be due to a combination of the pressure
fluctuations from the turbulence overwhelming the peaks due acoustic resonance and the
measurement being made at a different location within the duct cross-section.
The laminar p't,RMS/qe values, shown in Figure 3.7 are of almost equal magnitude
as those collected in the freestream which is consistent with the expectation that the total
pressure fluctuations measured in a laminar boundary layer should be roughly equal, or
just slightly greater than, the total pressure fluctuations measured in the freestream. The
total pressure spectra collected at the laminar location, seen in Figure 3.10 (a), are of
similar amplitude to the freestream spectra in Figure 3.10 (b). The laminar spectra show
a roll-off around 2000 Hz and have much less noise. Additionally, the laminar wall
spectra collected at qe ~ 130 and 300 Pa don’t show large spectral peaks like the
freestream does. But the p't,RMS/qe values of the laminar wall signals and the freestream
measurements at x = 8 and x = 28 inches are very similar to each other, and are drastically
different from the measurements at the wall of a turbulent boundary layer. Even at
higher dynamic pressures where p't,RMS/qe measured at the turbulent wall is attenuated
because of microphone clipping, the freestream p't,RMS/qe values are still three times
smaller, and the laminar boundary layer values are two times smaller. This distinct
increase in the values of p't,RMS/qe of a turbulent boundary layer over those in the laminar
boundary layer/freestream indicates that boundary layer turbulence is measurable with
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this system. Therefore, local generation of turbulence around the probe tip is likely
negligible, and the microphone system with this probe configuration would be capable of
detecting the onset of boundary layer turbulence.

Results from Microphone Probe Configuration #2
Microphone probe Configuration #2, seen in Figure 3.16, was tested in the same
way as Configuration #1. Measurements were made at x = 28 inches with the probe at
the wall in the turbulent boundary and in then in the freestream. The boundary layer
properties were estimated by Equations 3.4 and 3.5, and are given in Table 3.5. Plots of
the RMS of the fluctuating total pressure divided by local freestream dynamic pressure
are seen in Figure 3.17, the total pressure spectra are plotted in Figure 3.18, and the time
signal is given in Figure 3.19. The voltage output from the microphone preamp was
directly converted to pressure by assuming a flat frequency response with the nominal
sensitivity of 5.2 mV/Pa.

Figure 3.16: Microphone probe Configuration #2.
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Table 3.5. Test matrix for microphone probe Configuration #2 evaluation in the wind tunnel at x = 28
inches (tripped/ turbulent).

qe
[Pa]
135.8
319.5
586.7
933.0
1351.0

U
[m/s]
15.0

δ
[m]
0.0164

d/δ

Cf

0.065

9.16×10

5

0.0151

1.24×10

6

1.57×10

6

1.88×10

6

Rex
5.97×105

23.1
31.3
39.4
47.5

0.00406

τw
[Pa]
0.551

uτ
[m/s]
0.678

45.2

0.071

0.00372

1.190

0.996

66.4

0.0142

0.075

0.00350

2.056

1.309

87.3

0.0136

0.079

0.00335

3.122

1.613

107.5

0.0131

0.082

0.00322

4.356

1.905

127.0
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Figure 3.17: RMS values of the fluctuating total pressure divided by the local dynamic freestream
pressure measured with microphone probe Configuration #2 at x = 28 inches (turbulent boundary
layer, tripped).
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Figure 3.18: Fluctuating total pressure spectrum for microphone probe Configuration #2 at x = 28
inches measured on the wall of a turbulent boundary layer (a) and in the laminar freestream (b).
The sensitivity curve (a) shows the match in resonant frequencies seen in the pressure spectra and
from the reference microphone calibration.
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Figure 3.19: Time signals measured with microphone probe Configuration #2 collected at x = 28
inches (turbulent boundary layer); (a) qe ~ 135 Pa, (b) qe ~ 320 Pa, (c) qe ~ 585 Pa, (d) qe ~ 930 Pa, and
(e) qe ~ 1350 Pa.
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The probe was placed on the wall and because of the smaller diameter of the tube,
the actual measurement height of the probe tip centerline off the wall decreased to
between 0.032 ≤ y/δ ≤ 0.041, whereas y/δ = 0.15 was assumed in the estimate of p't,RMS/qe
≈ 0.10 given at the end of Chapter 1. The y/δ values of Configuration #2 correspond to
22.6 ≤ y+ ≤ 63.5 viscous wall units meaning that measurements were collected in the
beginning of the logarithmic region and down in to the buffer layer [2 Lumley]. Using
the method explained in Chapter 1, The value of p't,RMS/qe for y/δ ~ 0.035 was estimated
to still be 0.10, despite the increase in √̅̅̅̅

as y/δ decreased from ~0.15 as used in

the previous estimate of p't,RMS/qe [24] [26]. The measured values of p't,RMS/qe seen in
Figure 3.17 seem to look very similar to the plot shown in Figure 3.7 for Configuration
#1. There is a significant difference between the freestream and turbulent boundary layer
p't,RMS/qe values at low freestream dynamic pressures, but this difference then decreases
as qe increases, just like with Configuration #1. The decrease in p't,RMS/qe suggests that
Configuration #2 also experienced microphone clipping just Configuration #1 did; this
was confirmed in the same manner as for the results from Configuration #1 by examining
the actual time-dependent signal as well as the spectra as is further explained below.
The biggest difference between the measurements made with Configuration #1
and #2 is seen in the total pressure spectra shown in Figure 3.18. The pressure spectrum
collected at the wall does show roll-off occurring at 500 Hz. The roll-off however looks
like it could be a result of the decreased sensitivity in the microphone at higher
frequencies, seen in the sensitivity curve in Figure 3.18 (a) and Figure 2.25 in Chapter 2.
The total pressure spectra collected in the turbulent boundary layer show peaks
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corresponding to the resonant frequencies of the probe, also seen as spikes in the
sensitivity curve. The low frequency content of the total pressure spectra measured at the
wall collapse to a single amplitude, instead of the expected ordering of the spectra, with
higher amplitude spectra corresponding to higher dynamic pressure measurements seen in
Figures 3.8 (b) and 3.10. As explained previously for results from Configuration #1, this
is probably indicative of clipping of the high amplitude low frequency content. The time
signals confirm the suspicion that the microphone is clipping the pressure and unable to
measure the peak pressure fluctuations. The maximum and minimum amplitudes of the
time signal form distinct lines at ±70 Pa, seen in Figures 3.19 (c)-(e), which likely
correspond where the pressures fluctuations exceed to the maximum measurable pressure
for this microphone.
The small outer diameter of this particular probe allows for much finer spatial
resolution in the boundary layer. Even though the impact of inadequate spatial resolution
on the magnitude of p't,RMS/qe is thought to be of little importance to the detection of
boundary layer transition, the fine spatial resolution would allow this system to measure
changes in p't,RMS/qe as distance from the wall surface varies. Hence, this probe could be
traversed through a boundary layer to obtain a p't,RMS/qe profile, just as BLDS traverses a
Pitot tube through a boundary layer to collect a velocity profile.
The total pressure spectra collected in the freestream, plotted in Figure 3.18 (b),
shows distinct reduction in amplitude when compared to the spectrum measured on the
wall, in Figure 3.18 (a), as is expected. There are still dominant peaks at 260, 580, 620,
and 800 Hz, which match the resonant frequencies of the wind tunnel test section,
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discussed in previous section and are at the same frequencies as measured with
Configuration #1. If the spectral peaks were in fact caused by acoustic resonance within
the probes, the resonant frequencies would change as the size of the probes change. The
consistency in the resonant frequencies between the two different probe configurations
confirms that the cause of these peaks is not acoustic resonance within the probe, but
rather resonance in the wind tunnel.

Results from Microphone Probe Configuration #3
Microphone probe Configuration #3, seen in Figure 3.20, was tested in the same
way as Configuration #2. Measurements were made at x = 28 inches in the turbulent
boundary and in then in the freestream. The boundary layer properties were estimated by
Equations 3.4 and 3.5, and are given in Table 3.6. Plots of the RMS of the fluctuating
total pressure divided by local dynamic pressure are seen in Figure 3.21, the total
pressure spectra are plotted in Figure 3.22, and the time signal is given in Figure 3.23.
The voltage output from the microphone preamp was directly converted to pressure by
assuming a flat frequency response with the nominal sensitivity of 5.2 mV/Pa.

Figure 3.20: Microphone probe Configuration #3.
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Table 3.6. Test matrix for microphone probe Configuration #3 evaluation in the wind tunnel at x = 28
inches (turbulent/ tripped).

qe
[Pa]
133.6
315.7
580.0
925.5
1345.0

U
[m/s]
14.9

δ
[m]
0.0165

d/δ

Cf

0.154

9.10×10

5

0.0151

1.23×10

6

1.56×10

6

1.88×10

6

Rex
5.92×105

22.9
31.1
39.3
47.3

0.00406

τw
[Pa]
0.543

uτ
[m/s]
0.673

106.8

0.168

0.00373

1.177

0.990

157.2

0.0142

0.179

0.00351

2.035

1.302

206.7

0.0136

0.187

0.00335

3.099

1.607

255.1

0.0131

0.194

0.00323

4.339

1.901

301.9
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Figure 3.21: RMS values of the fluctuating total pressure divided by the local freestream dynamic
pressure measured with microphone probe Configuration #3 at x = 28 inches (turbulent boundary
layer/tripped).
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Figure 3.22: Fluctuating total pressure spectrum for microphone probe Configuration #3 at x = 28
inches measured on the wall of a turbulent boundary layer (a) and in the laminar freestream (b).
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Figure 3.23: Time signals measured with microphone probe Configuration #3 collected at x = 28
inches (turbulent boundary layer); (a) qe ~ 135 Pa, (b) qe ~ 320 Pa, (c) qe ~ 585 Pa, (d) qe ~ 930 Pa, and
(e) qe ~ 1350 Pa.
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The measurements were taken with the probe on the surface, its centerline
location therefore at heights of 0.077 ≤ y/δ ≤ 0.097. Using the method outlined in
Chapter 1, p't,RMS/qe at y/δ = 0.085 is approximately 0.10, which is about the same as y/δ =
0.15 and y/δ = 0.035 for the previous two configurations [24] [26]. The corresponding
location of the probe centerline in viscous wall units was 53.4 ≤ y+ ≤ 151.0, indicating
that the measurements were taken in the logarithmic region of the boundary layer, same
as with the other two configurations, with the exception of Configuration #2 at qe ~ 135
Pa which was taken in the buffer region. As seen in Figure 3.21, the values of p't,RMS/qe
are similar to the values measured by Configurations #1 and #2, but slightly higher. The
slight drop in p't,RMS/qe from qe ~ 135 to qe ~ 320 Pa which becomes much more
significant as freestream dynamic pressure increases is also consistent with
Configurations #1 and #2 and is again indicative of clipping.
The total pressure spectra measured at the wall, seen in Figure 3.22, shows a
spectral peak near 1500 Hz of amplitude that increases with freestream dynamic pressure.
This is peculiar because there were no significant spectral peaks evident in the sensitivity
curve seen in Figure 3.22 (a) and 2.26 of Chapter 2. The roll-off in the spectra is much
more sudden and steep than with the other two configurations. Consistency with other
configurations is observed in the total pressure signal, seen in Figure 3.23. The time
signal shows that the total pressure signal contains pressure fluctuations limited to ±70
Pa, which is indicative of microphone clipping. One unique characteristic of the signal of
this configuration is that the large amplitude fluctuations seem to be at a higher frequency
than they do in the time signal of Configuration #1 or #2. By counting the number of
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peaks per length of time in Figure 3.23 (c) – (e), the dominant frequency is around 2000
Hz, meaning that this characteristic may be attributed to the resonance in the probe, seen
as the large spectral peaks at 1850 Hz in Figure 3.22.
The freestream total pressure spectra, plotted in Figure 3.22 (b), looks similar to
the freestream spectra measured with Configuration #2, seen in Figure 3.18 (b). The
amplitude of the two spectra is similar throughout the entire frequency span, but there are
distinct spectral peaks at 1850 Hz in Figure 3.22 (b), corresponding to the resonant
frequency probe Configuration #3. The time signals collected in freestream are very
different than the time signals of the other two configurations. At the three highest
dynamic pressures, the freestream time signals of the previous two configurations look
almost sinusoidal, but look much more random with Configuration #3. This may be
attributed to the resonance in the probe itself.

Comparison and Discussion of the Different Configurations
One of the most interesting features of this experiment is that the values of
p't,RMS/qe are practically independent of the probe geometry which is seen in the similarity
of both the wall and freestream measurement curves in Figure 3.24. This is unexpected
considering the significant modification to the frequency response of the microphone due
to the addition of probes and tubes at the microphone inlet.
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Figure 3.24: RMS values of the fluctuating total pressure divided by the local dynamic freestream
pressure measured with microphone probe Configuration #1, #2, and #3 at x = 28 inches.

The relative amplification and attenuation of various frequencies in the curves of the
pressure spectra at both the wall and the freestream, seen in Figure 3.25, illustrates this
point. However, when looking only at the portion of pressure spectra at the wall for
frequencies less than 1000 Hz, seen in Figure 3.25 (a), the curves of all three
configurations are very similar in amplitude. Considering that this portion of the spectra
contains the highest amplitude pressure fluctuations, it seems more reasonable that the
values of p't,RMS/qe collected with the different configurations are almost identical. The
increased value of p't,RMS/qe collected with Microphone probe Configuration #3 is due to
the resonance in the probe. This increase was not observed with Configuration #2 even
though the amplification due to resonance seen in Figure 2.24 is greater the amplification
of Configuration #3 seen in Figure 2.25. This is unexpected and no explanation can be
given at this time.
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Figure 3.25: Fluctuating total pressure spectrum measured with microphone probe Configurations
#1, #2, and #3 at x = 28 inches taken (a) on the wall of a turbulent boundary layer, and (b) in the
freestream, for a freestream dynamic pressure of qe ~ 135 Pa.

If one of the probe configurations was generating local turbulence, the value of p't,RMS/qe
measured in the freestream would noticeably increase. What is seen in Figure 3.24
however is that the values of p't,RMS/qe measured in the freestream are almost identical
between all three probe configurations. This indicates that there is no local generation of
turbulence around the probe tip that is distorting the signal.
Examination of figure 3.8 suggests that Configuration #1 distorts the spectra the
least, meaning that it would be best for measurements in a laboratory environment with
the ability to perform spectral analysis. While the spectra collected by probe of
Configuration #2 experienced significant spectral distortion, the p't,RMS/qe values matched
those measured by Configuration #1 closely, and its smaller size provides better spatial
resolution. This improved spatial resolution could prove to be an asset to the BLDS in
allowing it to be traversed through the height of the boundary layer and measure profiles
of total pressure fluctuation in the same manner as it measures mean total pressure
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profiles. The measurements taken with Configuration #3 gave higher RMS pressure
fluctuations than the other two configurations and also distorted the spectrum. Therefore,
microphone Configurations #1 and #2 are the best for use as wall-mounted turbulence
detectors for BLDS. Configuration #2 would be best if profiles of total pressure
fluctuations were to be obtained with BLDS.
As the dynamic pressure increases, the amplitude of the turbulence pressure
fluctuations increase until they exceed the maximum SPL of the microphone and clipping
occurs, causing the value of p't,RMS/qe of the to decrease. As p't,RMS/qe in a laminar
boundary layer stays constant but decreases in a turbulent boundary layer, the ability to
use p't,RMS/qe to differentiate between laminar and turbulent flow decreases. The finding
that the microphone has insufficient maximum SPL to accurately distinguish between
laminar and turbulent flows at dynamic pressures higher than 300 Pa is a major limitation
of the system. A freestream dynamic pressure of 300 Pa corresponds to a freestream
velocity of 22 m/s (50 mph) at standard conditions. This finding further supports that the
drop in microphone sensitivity noted in Chapter 2 was in fact due to loss of electret
charge resulting from exceeding the microphone’s maximum SPL. Thus, the Knowles
FG-23742 with the current microphone-probe configurations is inadequate for flight
testing.
The maximum measurable dynamic pressure could be increased by either
choosing a microphone with a higher maximum SPL or attenuating the amplitude of the
pressure fluctuations entering the current microphone to a level below its maximum SPL.
In order to attenuate the pressure entering the microphone, all frequencies must be evenly
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attenuated and the level of attenuation must be consistent at all entering pressure
amplitudes. The 2200 acoustic Ohm damper used in Configuration #3 provided no
noticeable attenuation of the fluctuating pressure measured by the microphone so
investigation of dampers with much higher acoustic impedance would be necessary.
Another option would be to use a microphone with a higher maximum SPL. For
example, the Brüel & Kjær 4138 has a maximum SPL up to 5024 Pa (168 dB) and, at
0.125 inches in diameter, is only 0.025 inches larger in diameter than the FG-23742.
However, this microphone is several times more expensive than the FG-23742 and
integration into the BLDS would likely prove complicated. Further investigation of other
microphones could yield better alternatives.
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CHAPTER 4
Conclusions and Recommendations
Several different methods of detecting the transition from laminar to turbulent
boundary layer flow through direct measurement of fluctuating quantities were
considered for integration with the autonomous flow measurement system, the Boundary
Layer Data System. Measurement of the root-mean square of total pressure fluctuations
near the surface was chosen as the method of discriminating between laminar and
turbulent boundary layer state. An estimation of the expected values the root-meansquare of the total pressure fluctuations was derived from Goldstein’s hypothesis [21] for
incompressible flow by Karasawa [22]. Based on previously published measurements of
fluctuating velocity and static pressure within a turbulent boundary layer, it was
estimated that the root-mean-square of the total pressure fluctuations measured very near
the surface in a turbulent boundary layer should be around ten times larger than the static
pressure fluctuations, or approximately 10% of the local dynamic pressure, instead of
three times larger as suggested by Karasawa [22]. Instead of the measuring the pressure
fluctuations with Kulite piezoresistive pressure transducer as Karasawa did, lower cost
and more sensitive electret microphones of the smallest available size, the Knowles FG23742 and FG-23629, were chosen for the present study.
The sensitivities of the microphones were measured by performing a sound
calibration with a commercially available sound calibrator and were found to match the
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published sensitivities. The maximum measurable pressure fluctuation amplitude, or
maximum sound pressure level (SPL), was not published by the manufacturer so a
method of determining this was developed by subjecting the microphone of interest and a
reference microphone with a maximum SPL that was known to be sufficiently high to a
high amplitude acoustic pressure field. The max SPL of the FG-23742 was found to be
much higher than the FG-23629, so further use of the FG-23629 was discontinued. The
microphone pressure equalization ports of the FG-23742 are located on the side of the
microphone which, when placed in a flow, could cause a mean pressure difference across
the microphone diaphragm which could lead to significant error in measurement. Thus,
the microphone was placed inside of a tube and the mean pressure difference across the
diaphragm was eliminated. The application of a tube at the inlet of the microphone could
significantly change the frequency response of the microphone and distort the pressure
fluctuation measurements. The reference microphone calibration method was used and
modification to the frequency response of the system caused by the tube was determined.
Three probe configurations composed of various length and diameter tubing were
developed for performance evaluation. The first probe consisted of a short tube 0.128
inch inner diameter tube that enshrouded the microphone and extended 0.035 inches in
front of the microphone inlet, the second configurations consisted of a 0.082 inch inner
diameter tube that extended 1.5 inch in front of the microphone inlet, and the third
configuration was 0.035 inch inner diameter tube that extended 3.0 inches in front of the
microphone inlet. The first probe configuration produced an extremely flat frequency
response while the frequency responses of the second and third probe configurations
showed peaks corresponding to the resonant frequencies of the tubes at microphone inlet.
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The system performance was evaluated in the Cal Poly foot by 2 foot wind tunnel
at dynamic pressures ranging from 135 Pa to 1350 Pa. Measurements of the RMS of the
total fluctuating pressure as well as the time signal and pressure spectrum were collected
in laminar and turbulent boundary layers over a flat plate and in the freestream well
above the boundary layer. The pressure spectra collected with the first probe
configuration in the turbulent boundary shows a smooth rolloff at 1000 Hz and generally
matches the shape previously measured velocity spectra. The spectra collected with the
second and third configurations look different and show peaks that correspond to the
resonant frequencies of the probes. Despite the differences in the spectra, the values of
RMS of the fluctuating pressure divided by the local dynamic pressure, p't,RMS/qe, were
almost the same for all three configurations. This is likely because the low frequency
fluctuations of the pressure spectra, which are where most of the energy is contained,
weren’t distorted by the probes. The values of p't,RMS/qe taken in a turbulent boundary
layer at low dynamic pressures were around 0.100, just as estimated from the expression
for p't,RMS and between 0.004 and 0.013 when taken in a laminar boundary layer and in
the freestream. As the dynamic pressure increased, p't,RMS/qe taken in a laminar boundary
layer and freestream stayed between 0.025 and 0.005 but the values of p't,RMS/qe taken in a
turbulent boundary layer dropped down as low as 0.030. This drop in p't,RMS/qe with
increasing dynamic pressure was determined to be caused by the pressure fluctuations
exceeding the max SPL of the microphone and the signal is being clipped. Examination
of the time signals and pressure spectra taken at higher dynamic pressures confirms that
microphone has insufficient maximum SPL and begins to clip at dynamic pressures
higher than about 300 Pa.
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At low dynamic pressures, the RMS pressure fluctuations taken in turbulent
boundary layers were around ten times larger than in laminar boundary layers for all three
probe geometries, suggesting that all three probe configurations are indeed capable of
discriminating between laminar and turbulent flow. However, as dynamic pressure is
increased, the amplitude of the pressure fluctuations increases until clipping occurs and
causes the difference in p't,RMS/qe to decrease as does the ability to differentiate between
laminar and turbulent boundary layer. The Knowles FG-23742 is therefore inadequate
for use in the flight test environment, where dynamic pressures are much higher than 300
Pa. The current system must therefore be relegated for use in low speed testing, such as
in wind tunnels. The ability of the first probe configuration to measure the pressure
spectrum without distortion due resonance makes it ideal for laboratory tests where
spectral analysis is possible. Configuration #2 produced almost identical results as
Configuration #1 but with a much smaller diameter probe, allowing for the possibility of
its use with BLDS to collect a full p't,RMS/qe profile throughout the boundary layer and
would therefore be the best probe configuration for integration with BLDS when profile
data is desired.
The maximum flight speed at which the system could operate could be increased
by employing a microphone with a higher maximum SPL or modifying the probe to
attenuate the incoming pressure fluctuations. In order for attenuation of the pressure to
be feasible, all frequencies and sound pressure levels must be evenly attenuated. The
2200 Ohm acoustic damper of Configuration #3 provided no measurable attenuation of
p't,RMS, so further work with material of higher acoustic impedance would be in order. A
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second possible approach would be to find a microphone with a max SPL sufficient to
measure the high amplitude peak total pressure fluctuations in a turbulent boundary layer
at sufficiently high dynamic pressures. However, it should be noted that the present work
only considers incompressible flow, which is often not the case at extremely high
dynamic pressures.
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APPENDIX A
Microphone and Preamplifier Reference Data

Figure A.1: Knowles preamplifier circuit diagram, drawn by Don Frame.

Don Frame, designer and manufacturer of the Knowles microphone preamplifier
describes its workings:
Here is the Knowles-RMS circuit. The reason the circuitry around the microphone
looks so complicated is because the voltage for the microphone is adjusted to
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1.35 volts with no signal in and the output close to ground. The instrument supply
voltage is supposed to be close to 10 volts but the diodes and resistors limit
voltage to the mike if the input is more than 10 or accidentally reversed.
Circuitry just to the upper right of the mike is a little hard to see but is a 10 ufd
and 0.1 ufd cap in parallel. They go from the positive lead on the mike to the
negative lead.
The AC/DC coupling switch allows direct or AC coupling to the amplifier. The
DC offset pot allows the output to be moved up or down with reference to ground.
The 20-40-100 ms switch refers to settling time for the RMS output. Refer to
Analog Devices Application Note An-268 for much valuable and additional
information.
As we learned early on one of the problems with microphone use for noise
analysis is the limited dynamic range for sound input before saturating the mike
output.
Note that the power supply input is not connected to the black ground post and is
really a +/-5volt supply with respect to ground. There is a slide switch inside the
box which will divide the output by three if it is open. I notice now that pin 6 is
missing a – sign and pin 5 a + sign on the first op amp section after the mike.
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APPENDIX A
Microphone and Preamplifier Reference Data

Reproduction of a commercial data sheet obtained from:
http://www.knowles.com/search/prods_pdf/FG-23629-C36.pdf
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Reproduction of a commercial data sheet obtained from:
http://www.knowles.com/search/prods_pdf/FG-23629-C36.pdf
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Reproduction of a commercial data sheet obtained from:
http://www.knowles.com/search/prods_pdf/FG-23742-C05.pdf.
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Reproduction of a commercial data sheet obtained from:
http://www.knowles.com/search/prods_pdf/FG-23742-C05.pdf.
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APPENDIX B
Summary of p't,RMS/qe Collected with Initial Probe Configurations

Preliminary testing was performed using the Knowles FG-23629 with three
configurations: a bare microphone, a rapid prototyped shroud, and plumbed to a curved
pitot tube used with the PTDS for freestream measurements. Schematics of these
diagrams can be seen in Figures B.1, 2, and 3. The configurations were tested on the flat
plate with the boundary layer trip place at x = 3.6 inches and measurements were taken at
x = 15 inches behind the leading edge.

Figure B.1: Bare microphone configuration.

Figure B.2: Rapid prototyped microphone shroud configuration.

Figure B.3: PTDS freestream probe microphone configuration.
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Figure B.4: RMS of fluctuating total pressure measured by the three initial configurations at x = 15
inches.

From the results given in Figure B.4, it’s clear that the microphone was
significantly clipping. Additionally, it should be noted that PTDS freestream probe
configuration is lower than the bare microphone and the shrouded configurations. This
likely attenuation of the pressure is possibly due to the plastic tubing connecting the
microphone to the PTDS probe.
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APPENDIX C
Summary of p't,RMS/qe Collected with B&K 4954

The PTDS probe configuration from Appendix B was conducted again but with a
B&K 4954 microphone used instead of the Knowles FG-23629. Because clipping was
suspected with the FG-23629, the B&K 4954 was used because of its dynamic range of
over 2000 Pa. Another section of plastic tubing needed to be added in order to plumb the
PTDS probe to the larger diameter B&K microphone, seen in Figure C.1. The flow trip
was moved back to 18 inches, and measurements were taken at 8 inches (laminar) and 28
inches (turbulent).

Figure C.1: PTDS freestream probe configuration with B&K 4954 microphone.

This length of plastic tubing was chosen because it is very similar to the configuration
used by Karasawa [22]. Both the RMS of the pressure fluctuations and the pressure
spectra were measured to assess the probe configuration’s performance.
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Figure C.2: RMS total pressure fluctuations measured at x = 28 inches with the B&K 4954 plumbed
to a PTDS freestream probe.
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Figure C.3: Pressure spectra collected at x = 28 inches at the wall of a turbulent boundary layer with
a PTDS freestream probe plumbed to a B&K 4954 microphone.
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Figure C.4: Pressure spectra collected at x = 28 inches in the freestream with a PTDS freestream
probe plumbed to a B&K 4954 microphone.
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Figure C.5: Pressure time signal collected at x = 28 inches at the wall of a turbulent boundary layer
with a PTDS freestream probe plumbed to a B&K 4954 microphone.
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Figure C.6: Pressure time signal collected at x = 28 inches in the freestream with a PTDS freestream
probe plumbed to a B&K 4954 microphone.

The results of the RMS fluctuating pressure in Figure C.2 show a noticeable
decrease in from the values measured with Configurations #1 – #3 discussed in Chapters
2 – 4, with turbulent boundary layer p't,RMS/qe values ranging from 0.035 to 0.02. As with
the PTDS freestream probe configuration in Appendix B, the result of this is likely the
plastic tubing used to plumb the PTDS freestream probe to the B&K microphone. The
pressure spectra in Figure C.3 and C.4 look nothing like the pressure spectrum of
Configuration #1 or any previously published velocity or pressure spectrum. This further
supports the idea that the plastic tubing is a major source of signal distortion. This plastic
tubing was the same kind used by Karasawa [22] who published p't,RMS/qe values ranging
from 0.04 to 0.02. This seems like a plausible explanation for why Karasawa’s results,
which were taken with probe that has sufficiently high max SPL, are so much smaller
than they would be expected from the Goldstein model of p't,RMS/qe. One of the more
positive results is seen in the large difference between the p't,RMS/qe values taken in the
turbulent boundary layers compared to laminar boundary layers. This is most like a
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product of the sufficiently high maximum SPL of the B&K 4954. The time signal of the
pressure measurement seen in Figures C.5 and C.6 show that the pressure fluctuations
have no “flat spots” or “limits” like the time signals taken with Configurations #1 - #3.
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